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INTRODUCTION 
Lactation ketosis is a metabolic disorder primarily affecting 
high-producing dairy cows. It is named for the most prevalent metabolic 
characteristic, i.e., increased plasma concentration of the ketone 
bodies, acetoacetate and beta-hydroxybutyrate. The increased 
concentration of ketone bodies results from a negative energy balance 
caused by an increased requirement for nutrients in the synthesis and 
secretion of milk. Glucose, required for synthesis of lactose by the 
mammary gland, decreases in concentration in blood during early 
lactation in high-producing dairy cows. The hypoglycemia indirectly 
stimulates fatty acid mobilization from adipose tissue and fatty acid 
oxidation in the liver, which increases the rate of hepatic ketone body 
production. 
Lactation ketosis can be subdivided into two main categories, 
clinical and subclinical. Clinical ketosis is characterized 
metabolically by increased ketone body, high free fatty acid (FFA), and 
decreased glucose concentrations and visually by decreased appetite, 
decreased milk production, loss in body condition, and lethargy; 
however, hyperexcitability sometimes is observed. Subclinical ketosis 
is not thoroughly characterized, primarily because visual signs are less 
obvious and only intuition suggests that the cow is not producing to her 
genetic potential. Clinical ketosis probably is an extension of 
subclinical ketosis. 
Lactation ketosis can occur spontaneously in high-producing cows 
from as early as 10 days postpartum to as late as 8 weeks into lactation 
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(130) . Ketosis is not common in first-lactation heifers but is more 
common in later lactations. Estimates of the incidence of ketosis range 
from a low of 2 % to a high of 15 % (4). Littledike et al. (101) 
estimated in 1981 that costs associated with loss of milk production and 
with treatment and prevention of lactation ketosis could approach $150 
million annually in the United States. 
Milk production per cow per year has almost doubled in the last 25 
years/ and on-going selection for milk production continues to increase 
the potential of cows. This genetic improvement continues to challenge 
dairy nutritionists and managers to provide an environment capable of 
allowing maximum production. In many cases, good management and sound 
nutrition programs can decrease the incidence of ketosis but elimination 
is unlikely. There is need, therefore, to understand factors, both 
physiological and environmental, that contribute to development of 
ketosis. 
The present studies were undertaken to gain further understanding 
of the hormonal regulation of carbohydrate, lipid, and protein 
metabolism in early lactation and ketotic cows. Specific objectives 
were: 
A. To induce dairy cows in early lactation into a ketotic 
condition by restricting intake of a complete mixed diet. 
B. To examine plasma concentrations of metabolites and hormones 
(glucagon, insulin, and growth hormone) for diurnal variations 
during gestation, lactation, and ketonemia. 
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C. To examine plasma concentrations of metabolites and hormones 
for differences between different stages of lactation and 
during ketonemia. 
D. To measure parameters of glucagon kinetics in dairy cows during 
gestation, lactation, and ketonemia. 
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REVIEW OF LITERATURE 
This review of literature is intended to provide an overview of the 
information regarding hormonal regulation of metabolism in dairy cows 
with special emphasis on metabolism of ketotic cows. Areas to be 
discussed include (a) etiology of lactation ketosis, (b) experimental 
induction of ketosis, (c) gluconeogenesis in ruminant animals, (d) 
regulation of gluconeogenesis, (e) ketogenesis in ruminant animals, and 
(f) hormonal control of metabolism. 
Etiology of lactation ketosis 
Lactation ketosis is a metabolic disorder affecting approximately 
4 % of the dairy cows in the United States (101). The disorder occurs 
in early lactation, usually between 2 to 8 weeks postpartum in 
high-producing cows. Ketosis is characterized by total concentrations 
of the ketone bodies, acetoacetate and beta-hydroxybutyrate, of greater 
than 10 mg/dl, by decreased glucose concentrations of less than 55 
mg/dl, by decreased appetite, by decreased milk production, and by rapid 
loss of body weight. Ketotic cows usually are lethargic but some may be 
excited easily (130). Fatty livers and decreased hepatic glycogen 
concentrations are also typical of ketotic cows (4). 
Lactation ketosis usually is subdivided into two main categories, 
subclinical and clinical ketosis. The division is arbitary because 
clinical ketosis seems to be the extreme manifestation of subclinical 
ketosis (4). Subclinical ketotic cows show few signs of ketosis, yet 
some may have impaired metabolism that limits milk production. Clinical 
5 
ketosis usually is characterized by most of the signs indicated in the 
previous paragraph and can be subdivided further. 
Schultz (130) subdivided clinical ketosis into two main categories, 
primary and secondary ketosis. Primary ketosis was found to occur for 
no obvious reason but was associated with all the classical signs. No 
increase in body temperature was observed but a depraved appetite was 
observeu with concentrates being refused first, then silage, and finally 
hay. Secondary ketosis was associated with all the classical symptoms 
but also had increased body temperatures which may have contributed to 
the decreased feed intake. The increase in body temperature was 
associated with either metritis, retained placenta, nephritis, or 
hardware disease. Also included within the secondary ketosis category 
were those cows that showed signs of ketosis because of the decreased 
feed intake caused by a displaced abomasum. Kronfeld (97) went even 
further to distinguish types of clinical ketosis. He classified the 
types as (a) primary underfeeding ketosis, (b) secondary underfeeding 
ketosis (disease related underconsumption of feed), (c) alimentary or 
ketogenic ketosis (consumption of ketogenic feeds), and (d) spontaneous 
ketosis (ketosis in cows seemingly fed adequately). Spontaneous ketosis 
and primary ketosis (130) would seem to be synonymous. 
The mechanisms responsible for development of spontaneous ketosis 
are not known. Krebs (95) stated that severe ketosis depends on 
limitations of horaeostatic mechanisms in early lactation. Baird (4) 
suggested that the metabolic priority given to demands of milk 
production at a time when appetite is limited may render dairy cows 
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susceptible to spontaneous ketosis. Metabolic disorders may arise 
because homeorhetic mechanisms (i.e. orchestrated changes to meet the 
priorities of a physiological state) override homeostatic mechanisms 
(i.e. maintenance of physiological equilibrium) (21). In lactation 
ketosis, the drive to synthesize and secrete milk exceeds the capacity 
of cows to maintain normal glucose and lipid metabolite concentrations. 
Schultz (130) suggested a list of predisposing factors that could 
lead to ketosis in high-producing cows. These include (a) glucose drain 
for lactose production, (b) endocrine disorders, (c) excess condition at 
calving, (d) hepatic dysfunction, (e) inadequate energy intake after 
calving, (f) déficiences or excesses of protein, (g) mineral or vitamin 
déficiences, and (h) high intake of ketogenic materials. Many of these 
factors are interrelated and serve as the basis for various theories 
proposed for events leading to development of lactation ketosis. 
The most common theory is that there is a glucose or carbohydrate 
deficiency caused by the homeorhetic stimulus to produce milk at a time 
of limited intake of gluconeogenic precursors. Support for this theory 
comes from Baird et al. (6) who demonstrated that milk output declines 
more slowly during starvation in cows in early lactation (25 to 30 days 
postpartum) than in cows in later lactation (50 to 60 days postpartum). 
Hypoglycemia and hyperketonemia were observed in early lactation but not 
in later lactation (6). Severe ketosis always was associated with an 
increased need for gluconeogenesis (95) and corresponded to the large 
amounts of lactose that must be synthesized from glucose for milk 
synthesis and secretion. Metabolic status in early lactation must be 
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controlled largely by homeorhetic hormones to ensure that the supply of 
nutrients is increased during lactation and that the mammary gland has 
first priority for these nutrients (4). 
One of the major nutrients to be extracted from the blood by 
mammary gland is glucose. Glucose uptake by the mammary gland does not 
seem to be insulin dependent (98), therefore the homeorhetic hormones 
that stimulate milk synthesis and secretion cause glucose uptake and 
secretion of lactose irrespective of insulin concentration. In early 
lactation during the ketosis-susceptible period, the demand for glucose 
exceeds the capacity of cows to provide glucose. This inability to 
provide sufficient glucose to meet the demand may be a result of 
decreased availability of gluconeogenic precursors or decreased rates of 
gluconeogenesis. The end result is a decrease in glucose concentration 
of blood and tissues. 
Glucose deficiency results in a decrease in amount of citric acid 
cycle intermediates, especially oxaloacetate and citrate (2). 
Oxaloacetate (OM) is an intermediate for gluconeogenesis and also is 
required for disposal of acetyl CoA (95), therefore a deficiency of OAA 
could inhibit both gluconeogenesis and FFA oxidation. As glucose 
concentration decreases, insulin concentration also decreases. This 
decrease in insulin serves to limit utilization of glucose by peripheral 
tissues, thereby helping to ensure that mammary gland tissue gets 
priority for circulating glucose. The decrease of insulin also serves 
to enhance mobilization of FFA from adipose tissue and amino acids from 
muscle tissue to supply energy and gluconeogenic precursors. The 
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increase in FFA release causes an increase in FFA uptake by the liver. 
In the liver, FFA can be reesterified to triglycerides and can be 
incorporated into lipoproteins. This fatty infiltration may impair 
hepatic function. FFA also may be oxidized completely to CO2 in the 
citric acid cycle or oxidized incompletely to ketone bodies, primarily 
acetoacetate and beta-hydroxybutyrate. A deficiency of OAA would limit 
complete oxidation and enhance synthesis and secretion of ketone bodies 
by the liver. This deficiency of OAA could arise because the rate of 
glucose synthesis exceeds the rate at which gluconeogenic precursors are 
supplied. Krebs (95) believed that excess demand for carbohydrate and 
not failure to oxidize carbohydrate is the cause for accumulation of 
ketone bodies. Together, the increase in ketone body concentration and 
the decrease in glucose concentration may cause inappetance (4), which 
would increase the negative energy balance seen in early lactation cows, 
and thereby accentuate the ketotic condition. 
Kronfeld (97) postulated that development of spontaneous ketosis is 
caused primarily by an imbalance in the ratio of gluconeogenic to 
lipogenic nutrients in the diet. For his theory, Kronfeld (97) 
suggested that an excess of gluconeogenic nutrients relative to 
lipogenic nutrients is the cause of spontaneous ketosis. A 
gluconeogenic diet would stimulate glucose synthesis, hence lactose 
synthesis in the mammary gland. The increase in lactose synthesis would 
increase milk volume. Because glucose does not supply carbon for 
synthesis of milk fatty acids (11) then a diet deficient in lipogenic 
nutrients could decrease milk fat content and(or) cause a mobilization 
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of FFA from adipose tissue. As discussed already, this increase in 
blood FFA could increase hepatic ketogenesis and produce ketonemia. 
Kronfeld (97) suggested that addition of fat to gluconeogenic diets 
would decrease the incidence of ketosis, but his theory has not been 
proven. 
Others theories have been suggested for development of ketosis in 
dairy cows. Erfle et al. (59) observed decreased carnitine 
concentration and increased acetyl carnitine concentration in milk of 
ketotic cows. Total carnitine concentrations increased two fold in 
milk; because carnitine is essential for transport of FFA across 
mitochondrial membranes, the increased loss in milk may be harmful to 
cows dependent on FFA oxidation, especially those in early lactation and 
ketosis (59). To examine the importance of carnitine in FFA oxidation 
in liver and muscle, Erfle et al. (50) infused carnitine into ketotic 
and normal cows, hopefully to enhance FFA oxidation. Carnitine seemed 
to spare glucose by increasing FFA oxidation in liver and muscle of 
normal cows and cows in early stages of ketosis. Carnitine functioned 
to improve efficiency of FFA oxidation and to decrease the amount of 
gluconeogenic precursors being used for energy. In late ketosis, 
glucose deficiency resulted in decreased QAA concentrations, therefore 
FFA oxidation was incomplete with ketogenesis being the major route of 
disposal. In late ketosis, carnitine may actually be a detriment to 
cows because of the effect on increased ketogenesis and subsequent 
ketonemia (60). 
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Endocrine disorders have been suggested as causative conditions for 
development of ketosis. Shaw (132) suggested that insufficient 
secretion of adreno-corticotropic hormone (ACTH) and glucocorticoids 
results in failure of cows to respond to the stress of high milk 
production. This suggestion was based on histological studies of the 
pituitary and adrenal glands in two ketotic cows. ACTH and 
glucocorticoid injections have treated ketotic cows successfully, and 
the fact that ACTH, which stimulates secretion of glucocorticoids, could 
be used to treat ketosis argues against that theory. Glucocorticoids 
also are increased in ketotic cows (130). 
Brockman (34) has implicated insulin and glucagon as causative 
agents in the development of bovine ketosis via their effects on lipid 
metabolism. Insulin is known to influence mobilization of FFA from 
adipose tissue and utilization of ketone bodies by peripheral tissues. 
Insulin is lipogenic, and a decrease in insulin concentration increases 
lipolysis in adipose tissue and increases plasma FFA concentration. 
Insulin déficiences also impair ketone body utilization by muscle (34). 
Glucagon, at pharmacological doses, is lipolytic and ketogenic (31). A 
low concentration of insulin seems to block the ketogenic effects of 
glucagon, and insulin seems to have more effect on lipogenesis and 
lipolysis in adipose tissue and on hepatic ketogenesis than does 
glucagon (31). In general, insulin is the primary modifier of lipid and 
ketone body metabolism and glucagon is secondary when insulin is low 
(34). 
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Insulin concentration in early lactation is decreased from the dry 
period (84) concentration and decreases even further in ketosis 
(51,84,85). Responsiveness of insulin to glucose infusions is impaired 
at the same time (87). Glucagon has not been examined extensively in 
preketotic and(or) ketotic cows, but glucagon concentration may increase 
at the onset of lactation (106,107). Berzins (25) and Berzins and Manns 
(26) suggested that spontaneous ketosis may result from a functional 
deficiency of glucagon. The effect of such a deficiency would be 
mediated via the influence of glucagon on gluconeogenesis (see later). 
Some concern has been directed toward the glucagon-like iramunoreactivity 
that is released from gastrointestinal tissues. Gut glucagon seems to 
have a greater lipolytic effect than does pancreatic glucagon and 
responds much more positively to the onset of lactation than does 
pancreatic glucagon (106,107). Gut glucagon also may compete for 
hepatic binding sites and thereby create a deficiency of glucagon even 
in a situation of apparently normal glucagon concentration (26,66). 
Other hormones possibly involved in development of ketosis could 
include thyroxine and growth hormone. Excessive thyroxine secretion 
could increase the stress of lactation and produce ketosis (see later 
under subheading "Experimental induction of ketosis"), however thyroxine 
concentration usually decreases after parturition (77). Growth hormone 
(GH) injections produced ketonemia in cows in early lactation (96) and 
GH concentration increased during lactation in ewes (65) and in cows 
(55,88). Fasting of sheep also increases GH concentration in plasma 
(68). OH increases the flow of carbon away from adipose tissue (141), 
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possibly by increasing lipolysis and increasing FFA concentration (73). 
The increased FFA concentration would lead to enhanced hepatic 
ketogenesis (73). 
Hormonal imbalances may be central to development of lactation 
ketosis but they are secondary to the inability to provide sufficient 
substrates to meet the demands of lactation (34). Changes in hormone 
concentrations represent an attempt to adjust to the energy deficit 
created by lactation. Much of this adjustment is needed to mobilize 
stored energy, especially that of adipose tissue, to maintain caloric 
homeostasis. The excessive demand for carbohydrate limits the oxidation 
of FFA, therefore ketone bodies accumulate and produce ketonemia and 
ketonuria. 
Experimental induction of ketosis 
Controlled studies of lactation ketosis have been hampered by lack 
of a consistent and predictable supply of ketotic cows. The most common 
approach to studying ketosis has been to sample blood from ketotic cows 
on dairy farms in the immediate vicinity of a particular research 
institute. Blood samples provide information on the sum of changes of 
all tissues as these tissues attempt to adapt and compensate for the 
drain of glucose, FFA, and amino acids occurring during the synthesis 
and secretion of milk. These samples usually are taken when the cows 
already are in clinical ketosis and do not provide a complete picture of 
events leading to development of ketosis. 
To provide better understanding of events leading to development of 
ketosis, cows should be housed within research facilities that have 
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surgical instruments available to remove tissue samples for subsequent 
metabolic studies and(or) that have the ability to utilize radioactive 
tracers. Lack of such facilities precludes extensive metabolic studies 
of ketosis in practical on-farm situations. To overcome such 
limitations, a technique for the induction of ketosis in high-producing 
dairy cows would be very helpful. The technique should be capable of 
providing a consistent and reliable supply of ketotic cows, and should 
produce a ketotic condition similar to that observed in on-farm 
situations. 
Many of the predisposing factors suggested by Schultz (130) to lead 
to development of lactation ketosis have been utilized to induce types 
of experimental ketosis in high-producing cows. Those factors include 
inadequate energy intake after calving, excess intakes of protein, high 
intakes of ketogenic compounds, injection of phlorizin, and endocrine 
manipulations. One of the first attempts to induce ketosis in dairy 
cows was made by Robertson and Thin (127). They used starvation for 6 
days to produce ketonemia in early lactation cows. Milk production was 
decreased, but no visual signs of ketosis were observed. Appetites were 
not impaired as feed intake returned to pre-starvation levels upon 
refeeding. Baird et al. (6) utilized this starvation technique to 
induce ketosis in cows such that enzyme rates and liver metabolite 
concentrations would be ccsnpared between normal non-lactating, normal 
lactating, induced ketotic, and spontaneously ketotic cows. Hibbitt and 
Baird (81) presented data indicating that blood and liver changes 
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occurring during starvation-induced ketosis are similar to those in 
spontaneous ketosis. 
Fisher et al. (62) induced ketosis by offering concentrates for 8 
weeks prepartum and then removing the concentrates from the diet 
beginning at 2 weeks postpartum. Other modifications included use of 
high-protein, low-energy diets (76,80,92,93) with and without injection 
of thyroxine. A combination of feed restriction and feeding of 
1,3-butanediol also has been used to produce a ketosis in dairy cows 
(114). Phlorizin, a compound that causes glycosuria, has been used to 
induce a ketotic condition in ewes (49) and to produce a ketosis model 
in conjunction with feeding 1,3-butanediol to steers (103). Injections 
of thyroxine (76,80,92,93) and GH (96) have produced hyperketonemia in 
cows in early lactation. 
In roost instances, hyperketonemia, hypoglycemia, increased FFA 
concentration, decreased milk production, and decreased body weight 
resulted from methods of ketosis induction. Starvation, feed 
restriction, and hormone injections are more successful in terms of 
inducing ketosis during the first 6 weeks postpartum than during later 
lactation. The early lactation period seems to be when the homeorhetic 
(21) stimulus to produce milk has precedence on metabolism. Ketonemia 
usually is caused but visual signs of ketosis are not always apparent. 
Gluconeogenesis in ruminant animals 
Gluconeogenesis, the synthesis of glucose from noncarbohydrate 
precursors, is a vital process for ruminant animals. Glucose is 
required for the nervous system, for turnover and synthesis of fat, for 
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muscle, for the fetus, and for the mammary gland (22). The demand for 
glucose for each of these functions varies, depending on the 
physiological state of the animal and the type and amount of dietary 
intake. Brain tissue has a specific requirement for glucose and even 
during ketonemia fails to utilize ketone bodies as an energy source 
(100). Skeletal muscle and mammary gland can utilize ketone bodies in 
both the fed and ketonemic states (34). 
Ruminants differ from non-ruminants in that ingested carbohydrates 
are fermented readily to the volatile fatty acids, acetate, propionate, 
and butyrate. This fermentation is complete for many diets. Maximum 
amounts of glucose of high grain (starch) diets escaping the rumen may 
equal 10 % of the glucose requirement (99,153). The ruminant animal, 
therefore, must synthesize at least 90 % of its daily glucose 
requirement from gluconeogenic precursors. Glucose can be synthesized 
from propionate, glycerol, amino acids, lactate, and pyruvate 
(22,95,99). The contribution of each of these compounds to total 
gluconeogenesis is variable depending upon type of diet, amount of diet, 
and physiological state of the animal. 
Propionate is the major gluconeogenic precursor in fed ruminants 
(99,153). It is produced by fermentation in the rumen, absorbed into 
the portal blood, and removed by the liver. About 90 % of the portal 
propionate is removed with every circulation through the liver (24,120), 
therefore conversion of propionate to glucose occurs almost entirely in 
the liver. Propionate conversion to glucose ranged from 40 to 54 % and 
41 to 69 % of the glucose synthesized was derived from propionate (144). 
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The rate of propionate utilization was less for dry cows than for 
lactating cows but no differences existed between stages of lactation 
(56). Glucose infusion caused a decreased rate of glucose production 
from propionate but the percentage of propionate converted to glucose 
did not change. Glucose was more effective at decreasing glucose 
production frcxn other gluconeogenic precursors than from propionate 
(90). In fasted ruminants, propionate is not supplied from the rumen, 
therefore, glucose must be synthesized from other precursors. 
Glycerol is a component of triglycerides and, therefore is found 
normally in combination with long-chain fatty acids, Gluconeogenesis 
from glycerol is small in fed ruminants and contributes less than 5 % of 
total glucose production (99). Contributions of glycerol to 
gluconeogenesis increase in undernourished animals or in heavily 
lactating cows. Ranaweera et al. (123) have shown that 13 % of total 
glucose entry rate is derived from glycerol in normal pregnant sheep, 
17 % during starvation, and 91 % during glycerol infusion. These data 
suggest that the increase in glycerol concentration resulting fron fatty 
acid mobilization or glycerol infusion can contribute to total glucose 
production. In fasted and ketotic sheep, glycerol accounted for up to 
30 % of glucose synthesis (23). 
Contributions of amino acids to gluconeogenesis vary depending on 
diet and on physiological state. Wolff and Bergman (152) have 
suggested, based on net hepatic uptake of amino acids, that a maximum of 
30 % of glucose turnover could originate from amino acids. Lactating 
cows and goats may be able to synthesize 30 to 40 % of their glucose 
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from amino acids (151). Alanine and glutamate seem to be the most 
gluconeogenic amino acids and each may contribute up to 6 to 8 % of 
glucose turnover. Aspartate was also a good gluconeogenic precursor in 
isolated liver cells from lambs (54). 
Pyruvate and lactate are gluconeogenic precursors originating as 
end-products of glycolysis. Lactate is produced from the reduction of 
pyruvate in actively working muscle cells during anaerobiosis. Lactate, 
produced from glucose, is released from muscle into blood for transport 
to other tissues such as heart, liver, and kidney for oxidation or to 
liver and kidney for resynthesis of glucose. This cyclic process of 
glucose metabolism is referred to as the Cori cycle and will not result 
in net synthesis of glucose because the lactate originated from glucose. 
Lactate, produced in the rumen, however, can result in net synthesis of 
glucose. In fed ruminants, up to 50 % of blood lactate is derived from 
glucose (64), the remainder is from ruminai lactate production. Lactate 
may contribute up to 28 % of the glucose synthesized when contributions 
by both liver and kidney are combined (99). Pyruvate seems to be more 
readily utilized as a precursor for glucose synthesis than is either 
propionate or glycerol (1). Lactate is not believed to be a major 
precursor of glucose because most lactate taken up by the liver is used 
for purposes other than gluconeogenesis. Recycling of glucose through 
lactate was 7 % during pregnancy and 2 % during lactation in dairy 
cows (9). 
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Regulation of gluconeogenesis 
Gluconeogenesis is very much a continual process in ruminants. The 
process can be regulated by substrate availability and(or) hormone 
concentrations. The limitation to provide substrates in early lactation 
could predispose cows to ketosis. Hormone secretion and hormone 
imbalances may be secondary to that limitation (34). 
Metabolic regulation Data have shown that propionate 
incorporation into glucose can be increased by increasing feed intake 
and (or) by changing physiological status, i.e. the onset of lactation 
(151). Addition of propionate to the rumen resulted in an increased 
contribution of propionate to glucose synthesis (144). The use of 
phlorizin to increase glucose excretion in urine caused an increased 
conversion of propionate to glucose in steers (144). The combined 
effects of addition of propionate to the diet plus injection of 
phlorizin were equal to the sum of the individual effects, which 
suggests that two separate mechanisms exist for the control of glucose 
production in ruminants. One mechanism would include substrate supply 
as the major regulatory factor. The other would include some effector 
that would sense glucose concentration and attempt to maintain it within 
a narrow range. Enzyme activity and hormone secretion may be stimulated 
or inhibited by this effector. 
Substrate supply has not been studied extensively as a major factor 
in controlling the rate of gluconeogenesis and usually is inferred from 
indirect data. Glucose turnover generally decreases during starvation 
(53,123), suggesting that substrate availability limits glucose 
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production. Glucose irreversible loss, which is the glucose that leaves 
the sampled pool never to return, was not affected by feeding high-corn 
or high-alfalfa diets isocalorically, but when put on an equal dry 
matter intake, the corn diet had a greater glucose irreversible loss 
(129). Successive increments of energy with both diets caused linear 
and parallel increases in glucose irreversible loss, indicating that 
energy consumption was responsible for regulation of glucose 
irreversible loss (129). Rates of glucose synthesis in sheep were 
increased by ruminai and abomasal infusions of propionate and casein 
(91) and by intravenous infusions of glycerol (123). Judson and Leng 
(90,91) suggested that the rate of gluconeogenesis is related directly 
to the availability of glucose precursors absorbed from the digestive 
tract. 
Glucose inhibits gluconeogenesis and the inhibition is dependent on 
the quantity of glucose infused (90). Baird (3) also demonstrated a 
decreased hepatic output of glucose when lactating cows were given 
intravenous infusions of glucose. The decreased hepatic output occurred 
even when hepatic extraction of propionate was normal. 
Hormonal regulation The hormonal regulation of gluconeogenesis 
in ruminants is not nearly as well understood as it is in non-ruminants. 
Insulin and glucagon are the primary hormones involved in regulation of 
gluconeogenesis (33). Insulin primarily stimulates glucose uptake by 
peripheral tissues because liver has a limited capacity for glucose 
uptake (10). Glucagon stimulates gluconeogenesis by stimulating enzyme 
activities and by prcsnoting amino acid uptake by the liver. Glucagon 
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does not seem to have a major impact on peripheral tissues but has a 
major impact on the liver (33). 
Other hormones such as the glucocorticoids, thyroxine, and growth 
hormone can influence gluconeogenesis. Fasting (115) and ketosis (22) 
have caused increases in glucocorticoid concentration. Because 
glucocorticoids promote muscle catabolism, an increase in their 
concentration could increase the supply of gluconeogenic precursors and, 
thereby increase gluconeogenesis during an energy deficit. 
Glucocorticoid injections caused increased glucose, citrate, and 
pyruvate concentrations in ketotic cows. The injections increased 
citric acid cycle intermediates, thereby possibly decreasing ketogenesis 
in the liver and decreasing ketone body concentration in blood. The 
effect of glucocorticoids may be to spare glucose utilization by 
peripheral tissues or to increase the supply of glucose precursors (5). 
Thyroxine concentration usually decreases at the onset of lactation and 
during ketosis in dairy cows (77). Heitzman et al. (75) have shown that 
injections of thyroxine could increase gluconeogenesis in lactating cows 
by stimulating activity of several enzymes. Qi does not seem to have a 
direct effect on gluconeogenesis but does seem to have a sparing effect 
on glucose utilization (18). 
Enzymatic regulation Gluconeogenesis is controlled by several 
key enzymes including pyruvate carboxylase (PC), phosphoenolpyruvate 
carboxykinase (PEPCK), propionyl CoA carboxylase (POC), 
fructose-l,6-diphosphatase (FDPase), and glucose-6-phosphatase (G6Pase). 
Also included but not directly associated with gluconeogenesis is 
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pyruvate kinase (PK), which catalyzes the interchange of 
phosphoenolpyruvate and pyruvate reactions. 
The influence of lactation, ketosis, and fasting on the activities 
of these enzymes in dairy cows is equivocal. Data are not extensive on 
each of these enzymes during each of the physiological states. The 
discussion that follows indicates some of the more important findings. 
Pyruvate carboxylase (PC) increases in activity during lactation and 
starvation (12) and PC activity tended to increase (12) and increased 
significantly (11) during ketosis when conpared to the non-lactating 
condition. Baird et al. (7) showed a decrease in PC activity during the 
onset of lactation but an increase during ketosis to equal PC activities 
found in liver of non-lactating cows. Baird and Young (8) could not 
demonstrate significant effects of starvation on PC activity in cows but 
found a slight but non-significant increase in PC activity when a 
high-concentrate diet was fed. Glucagon infusions have increased PC 
activity by 25 to 40 % in sheep (45). 
Phosphoenolpyruvate carboxykinase (PEPCK) activity was not changed 
from gestation to lactation and ketosis (11,12) or during starvation in 
cows (8,12) and in sheep (45). In contrast, Mesbah and Baldwin (112) 
found PEPCK activities to have small but significantly greater rates in 
liver homogenates of cows in lactation when compared to that in pregnant 
non-lactating cows. Butler and Elliot (50) have shown, for cows, that a 
decrease in feed intake tended to decrease PEPCK activity and that PEPCK 
activity was less at 1 week postpartum than at 6 weeks postpartum for 
cows fed alfalfa ad libitum but with the amount of concentrate 
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restricted. No effect of stage of lactation on PEPCK activity was 
observed in cows fed a concentrate diet ad libitum (50). In contrast, 
Baird and Young (8) have shown a 24 % increase in PEPCK activity in cows 
fed a high-concentrate diet. Young et al. (154) could find only slight 
changes in PEPCK activity of cattle during starvation or fed high-grain 
diets when compared to cattle fed all-hay diets. Glucocorticoids 
decreased PEPCK in liver tissue of cattle (5), and injections into cows 
caused PEPCK activity to decrease (50). Injections of thyroxine into 
cows increased PEPCK in liver tissue biopsies (75). Glucagon infusions 
did not affect PEPCK activity in liver tissue of sheep (45). 
Propionyl CoA carboxylase (POC) activity was not altered 
significantly by lactation or ketosis but activity tended to be greater 
in ketotic cows (7). In contrast, Baird and Young (8) showed a 25 % 
decrease in PCC activity during starvation and a 41 % increase when high 
concentrate was fed. 
Smith et al. (134) could demonstrate no significant response of 
fructose-l,6-diphosphatas9 (FDPase), glucose-6-phosphatase (G6Pase), or 
pyruvate kinase (PK) activities to the onset of lactation. Baird et al. 
(7) have shown that FDPase activity tended to be greater in lactating 
and in ketotic cows than in non-lactating cows. More recently, FDPase 
activity has been shown to be greater in lactating cows than in 
non-lactating cows (112). The findings of Mesbah and Baldwin (112) 
support those of Smith et al. (134) for G6Pase activity. The influence 
of hormones on the activities of these enzymes have not been examined 
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extensively for ruminants. However, glucagon had no effect on G6Pase 
activity (45), and thyroxine injections decreased PK activity (75). 
The lack of consistent changes in enzyme activities in ruminants 
during various physiological states probably is indicative of the 
continual need for gluconeogenesis regardless of physiological state. 
The rate and extent of gluconeogenesis in ruminants, therefore seems 
primarily dependent on substrate supply rather than on enzyme activity. 
Ketogenesis in ruminant animals 
In early lactation cows or in pregnant ewes carrying multiple 
fetuses, compensation for inadequate energy intake is accomplished by 
lipolysis of adipose tissue and catabolism of other tissue. During 
ketosis in cows or pregnancy toxemia in sheep, excessive lipolysis can 
cause a concomitant excessive production of ketone bodies (34). 
Williamson (150) has summarized the sequence of physiological events 
leading to hyperketoneraia and these events are rephrased here. The 
physiological events are based on the assumption that EFA are the major 
precursors of ketone bodies. The rate of ketogenesis, therefore is 
determined by the rate of FFA influx into the liver, which in turn is 
governed by the rate of lipolysis in adipose tissue. Alimentary 
ketogenesis, primarily from butyrate absorbed from the rumen, can 
account for a large portion of the total ketone body production in fed 
ewes. During fasting, most ketone body production would occur in the 
liver (34) . 
During periods of energy deficit, blood glucose concentration 
usually decreases. Hormonal adaptation to this decrease in blood 
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glucose involves a decrease in insulin and little or no increase in 
glucagon. The insulin to glucagon ratio decreases, which causes a shift 
from predominately tissue utilization and deposition of nutrients to 
predominately catabolism and mobilization of nutrients from tissue (18). 
This change in hormonal balance causes increased lipolysis in adipose 
tissue, which leads to an increased supply of FFA to the liver. Uptake 
of FFA by the liver is concentration dependent, therefore FFA 
concentration in liver will increase unless incorporation of FFA into 
lipoproteins or oxidation of FFA occurs (47). FFA are converted to 
fatty acyl CoA derivatives to be used either for reesterification to 
glycerol to form triglycerides or for energy via oxidation in 
mitochondria. Fatty acyl CoA derivatives are transported, in 
conjunction with carnitine, into mitochondria where the reaction is 
catalyzed by carnitine acyltransferase I and II. Beta-oxidation of 
fatty acyl CoA within the mitochondria yields acetyl CoA molecules that 
can either react with QAA to form citrate that enters the citric acid 
cycle for oxidation to CO2 or be converted to hydroxymethylglutaryl CoA 
enroute to acetoacetate (150). The concentration of QAA in mitochondria 
could, therefore be crucial in determining the rate of ketogenesis (95). 
Most ruminant tissues, except brain, can utilize ketone bodies as 
energy sources (100). Utilization of ketone bodies seems to increase 
during starvation and even more during ketosis, therefore 
overproduction, not underutilization, is the initial cause of ketonemia 
(34). Starvation and ketosis usually cause fatty infiltration of liver 
(47). There is some evidence to suggest that ketone bodies may inhibit 
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lipolysis directly. Infusion of sodium beta-hydroxybutyrate decreased 
FFA concentration in normal and alloxan-diabetic goats that were fasted 
(111). Inhibition of lipolysis would decrease FFA mobilization and 
limit the influx of FFA to the liver. Plasma ketone and FFA 
concentrations in ketotic cows (149), and plasma FFA concentration (148) 
were decreased by intravenous doses of nicotinic acid. Nicotinic acid 
has and is used to prevent and treat ketosis in dairy cows (63). 
Ketonemia is a general characteristic of ketosis (22), whether the 
ketosis is spontaneous or is induced by feed restriction (62), by 
starvation (6,16), or by thyroxine injections (75). Ketonemia usually 
is associated with increased FFA concentration although ketone body 
concentration does not always parallel prepartum increases in FFA 
concentration (126). Both prepartum (146) and postpartum (113) 
increases in FFA concentration in plasma seem to be due to decreased 
rates of FFA synthesis and decreased incorporation of FFA into 
triglycerides in adipose tissue. Rates of FFA synthesis decrease fron 
late gestation into early lactation and remain low until lambs are 
removed from ewes, i.e. milk production is decreased substantially 
(146). Metz and Van den Bergh (113) have shown that increased FFA 
concentration in cows in early lactation results from increased 
lipolytic rates and decreased reesterification rates in adipose tissue. 
In many cases, rates of reesterification were so low as to be considered 
negligible. The addition of glucose and(or) insulin to adipose tissue 
from cows in early lactation failed to inhibit lipolysis and to 
stimulate lipogenesis (113). These authors suggest that lipolysis is 
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limited by the FFA: albumin ratio in plasma and that eventually FFA 
release from adipose tissue will equal FFA uptake by other tissues. 
Regulation of lipolysis seems to be influenced by various hormones, 
and insulin and Qî are the major ones. Insulin and (21 act in opposition 
to each other in terms of adipose tissue metabolism, and the insulin to 
GH ratio is important for regulation of adipose tissue metabolism (122). 
Insulin concentration has been shown to be correlated negatively with 
FFA concentration (17), and the increase in insulin concentration after 
feeding in early lactation cows usually was associated with decreased 
FFA concentration. Smith et al. (135) have shown that adipose tissue 
from alloxan diabetic steers has increased FFA release and that insulin 
addition negated the increased FFA release. Insulin also was capable of 
increasing lipogenic rates almost up to control rates in alloxan 
diabetic adipose tissue. 
Growth hormone concentration, in some instances but not always, is 
correlated positively to FFA concentration (28). Œ concentration has 
been shown to decrease after feeding (17) but it also remains unchanged 
on occasions (28). GH injections have been shown to cause increased FFA 
concentration by increasing lipolysis (89). Vernon (145) has shown 
decreased fatty acid synthesis rates in adipose tissue from dairy cows 
when GH was added to culture media in the presence of insulin. An 
increased mean concentration of GH causes an increased FFA concentration 
when insulin concentration is low and a postprandial increase in insulin 
causes a decrease in FFA concentration by counteracting GH. These 
events are supported by data showing variations of FFA due to feeding 
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only in early lactation where mean GH concentration is high but not in 
later lactation where GH concentration is lower (28). Growth hormone, 
by mobilizing fat for energy and diverting energy away from adipose 
tissue synthesis, may be sparing glucose for mammary gland function 
(27). ffl serves as an antagonist to insulin, therefore changes in their 
concentrations can be responsible for the metabolic adaptation to 
increasing nutrient availability to the mammary gland (145). 
Other hormones involved in regulation of lipolysis include 
norepinephrine, prostaglandin E^, glucagon, and thyroxine. 
Norepinephrine is capable of stimulating lipolysis in adipose tissue 
from cows at all stages of lactation and pregnancy. Dose response 
curves are similar to those for rat adipose tissue but the rat seems to 
be more sensitive to norepinephrine (113). Infusion of prostaglandin 
into sheep has caused decreases in FFA concentration (52). Glucagon 
infusion at pharmacological concentration can stimulate adipose tissue 
lipolysis and hepatic ketogenesis directly. Insulin, at physiological 
concentration, seems to be able to suppress lipolytic and ketogenic 
effects of glucagon (31). This suppressing effect of insulin plus the 
demonstration that increased FFA concentration causes decreased glucagon 
concentration (52) suggests that glucagon has a limited role in 
lipolysis in adipose tissue. Thyroxine injection has been shown to 
increase FFA concentration (75). Further research is required to 
determine the full extent of the influence of glucagon, norepinephrine, 
prostaglandin and thyroxine on lipid metabolism in ruminants. 
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As just discussed, the hormonal balance in early lactation is 
intended to provide energy and anabolic substrates for synthesis of milk 
by the mammary gland. During ketosis, lipolysis exceeds the capacity of 
the liver to oxidize mobilized FFA, therefore, excess fatty acids are 
deposited in the liver. This deposition seems to aggravate an already 
precarious situation and to impair hepatic function even further. 
Hormonal control of metabolism 
Regulation of metabolism in ruminants involves extensive 
interrelations of metabolites and hormones. Glucagon, insulin, and Œ 
seem to be the most important hormones involved in carbohydrate, 
protein, and lipid metabolism. These three hormones will be discussed 
briefly in terms of their chemistry, site of synthesis, known 
physiological functions, secretion and clearance rates, and diurnal and 
postprandial variations. Emphasis will be on the influence of these 
hormones upon metabolism of dairy cows in early lactation and in 
ketosis. 
Glucagon Glucagon is a peptide hormone composed of 29 amino 
acids (molecular weight of 3500) and is secreted fron the alpha cells of 
the islets of Langerhans of the pancreas. Arrangement of cells within 
the islets of ruminants is different from that found in non-ruminants. 
The alpha cells, usually found in clusters, surround the centrally 
positioned beta cells in ruminants. Delta and pancreatic polypeptide 
cells are intermingled with the alpha cells around the periphery of the 
islet. In non-ruminants beta cells are positioned centrally, with delta 
cells separating them from the peripherally-distributed alpha cells 
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(30). The difference in arrangements of cells probably has 
physiological significance. Delta cells secrete somatostatin, which 
inhibits secretion of both insulin and glucagon. In ruminants, glucagon 
secretion is more sensitive than is insulin secretion to inhibitory 
influences of somatostatin (35). The importance of somatostatin has not 
been elucidated fully but would seem to be less important in ruminants 
than in non-ruminants. 
Glucagon dominates regulation of hepatic metabolism and is best 
known for stimulating glucose output, which is achieved by acceleration 
of hepatic glycogenolysis and gluconeogenesis. Glucagon stimulates the 
uptake of amino acids and the rate of protein catabolism by the liver, 
thereby maintaining a supply of gluconeogenic precursors (18). Brockman 
and Bergman (39) have shown that infusions of glucagon can increase 
hepatic gluconeogenesis from amino acids. Glucagon infusions caused 
increased hepatic uptake of glycine, alanine, glutamine, and lactate and 
increased glucose output (41). Glucagon causes a decrease in plasma 
amino acid concentrations and may impair protein synthesis in muscle 
(141). Glucagon did not seem to have a major influence on propionate 
conversion to glucose (42). Glucagon has been shown to increase PC 
activity but had no effect on PEPCK or G6Pase activities (45) and under 
normal conditions glucagon seems to have little influence on the rate of 
hepatic gluconeogenesis (35). 
Glucagon has been shown to increase hepatic ketogenesis in normal 
sheep (31) and in alloxan diabetic sheep (31,44). Glucagon infusion 
caused an initial increase in FFA concentration in sheep, but the effect 
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was short-lived because insulin and glucose concentrations increased 
(14). In the alloxan diabetic sheep, glucagon infusion caused increased 
lipolysis, but lipolysis was inhibited in normal sheep. Insulin readily 
inhibited the lipolytic and ketogenic effects of glucagon, therefore the 
importance of glucagon in regulation of lipid metabolism may be 
questionable (31). 
Concentrations of hormones in plasma are a function of secretion 
and clearance rates. These rates have not been determined extensively 
in ruminant animals. Secretion rates of glucagon in sheep ranged from 
3.4 to 7.3 ;ag per hour. Aproximately one third of the glucagon released 
by the pancreas is removed by the liver (36,46,120). Clearance rate has 
been determined at 16.7 liters per hour in sheep, and clearance seems to 
be constant over a wide range of concentrations. Total removal rate 
seems to be the sum of two separate removal mechanisms. The fast 
component had a half-life of 2.4 minutes and the slow conponent had a 
half-life of 23 minutes (36). Secretion and clearance rates of glucagon 
have not been determined for dairy cattle. 
Glucagon secretion can be altered by glucose, 2-deoxyglucose, amino 
acids, volatile fatty acids, free fatty acids, and insulin and by 
changes in physiological state. Infusions of a 20 % glucose solution 
into the duodenum of steers caused a decrease in plasma glucagon 
concentration (26). Intravenous infusion of glucose into normal sheep 
also decreased glucagon concentrations (15,32,38). Bloom et al. (29) 
have shown that injection of 2-deoxyglucose into calves could increase 
glucagon concentration. Thus, a decrease in glucose concentration can 
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stimulate and an increase can inhibit glucagon secretion. Abomasal 
infusion of protein into sheep (13) and duodenal infusion of amino acids 
into steers (26) caused glucagon concentration to increase in plasma. 
Serine, lysine, asparagine, arginine, alanine, and glycine stimulated 
glucagon release from pancreatic pieces from lambs, with glycine and 
alanine being the most potent amino acids for stimulating glucagon 
release (19). Intravenous infusions of arginine into sheep (128) and 
alanine into dairy cows (25) also stimulated glucagon release. 
Glucagon concentration in sheep plasma was increased after feeding 
and the increase was associated with the increase in volatile fatty acid 
concentrations (15). Further examination showed that large injections 
of propionate, butyrate, and valerate could increase glucagon 
concentration (15). Physiological infusion of butyrate (37,128), but 
not propionate, also increased glucagon concentration (37). In goats, 
acetate injection had no effect on glucagon secretion but injections of 
propionate, butyrate, and valerate stimulated glucagon secretion with 
increasing chain length showing an increasing response (58). Injections 
of water-soluble fatty acids up to 8 to 10 carbons in length have 
increased glucose concentration, probably via glucagon effects (121). 
Long-chain FFA seem to have opposite effects and have been associated 
with a decreased glucagon concentration during fasting in sheep (52). 
Insulin infusion can stimulate glucagon secretion but effects seem 
to be mediated via hypoglycemia because simultaneous infusion of glucose 
negated any increase in glucagon (32,38). Sanatostatin, a peptide 
secreted from the delta cells of the Islets of Langerhans, inhibits 
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glucagon secretion when infused into sheep (35,36/42,43,44). The 
physiological significance of this inhibition is not known but it 
probably is associated with the regulation of postprandial metabolism by 
gastro-intestinal hormones. The autonomic nervous system is involved in 
regulation of glucagon secretion (29) but further research is needed to 
determine the extent of autonomic regulation. 
Glucagon adaptations to changes in physiological state or to 
feeding have not been studied extensively in ruminants, primarily 
because few antisera were specific for pancreatic glucagon and the most 
suitable antisera was expensive. The limited studies that have been 
done show that glucagon concentration usually decreases during fasting 
(15,52) but sometimes remains unchanged (19,35,68). This decrease 
during situations of energy deficit seems to occur simultaneously with a 
decline in glucagon binding to hepatocytes (65,66). Energy intake above 
maintenance seems to have little effect on glucagon concentration (68) 
but in some instances has a stimulatory effect (26). Bassett (15) has 
shown that glucagon concentration peaks 2 to 4 hours after feeding but 
postprandial increases are not always observed (13). 
Glucagon concentration tended to be greater in low-producing cows 
than in high-producing cows (119) and tended to increase as milk 
production decreased (70). Glucagon concentration tended to increase 
(107) and be greater in early lactation (119). Glucagon concentration 
was increased in dairy cows at 6 weeks postpartum when ration energy 
density was increased at 4 weeks postpartum and glucagon concentration 
was greater in cows on higher energy density diets at 15 weeks 
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postpartum as compared to the prepartum period (94). Secondary ketotic 
cows had an increased glucagon concentration, whereas spontaneously 
ketotic cows had a decreased glucagon concentration (25). Changes in 
glucagon are not great during early lactation and suggestions have been 
made that implicate a glucagon deficiency as a cause of ketosis (25,26). 
Further research is required to determine glucagon secretion and 
clearance rates in dairy cows and to determine major factors controlling 
those rates. 
Insulin Insulin is a peptide hormone composed of 51 amino acids 
(molecular weight of 6000) and is secreted by the beta cells of the 
Islets of Langerbans of the pancreas. Insulin inhibits gluconeogenesis 
and glucose release from the liver, stimulates uptake and utilization of 
glucose by peripheral tissues, stimulates uptake and incorporation of 
amino acids into protein, inhibits proteolysis, stimulates adipose 
tissue lipogenesis, and inhibits adipose tissue lipolysis (18). 
Insulin concentration usually is not correlated with glucose 
concentration but usually is correlated with glucose entry rate (20). 
Insulin infusion into sheep, however, has caused a decrease in rate of 
appearance of glucose (38) and a decrease in glucose concentration 
(38,41,128). Insulin infusion does not affect glucose uptake in the 
mammary gland but increases amino acid uptake by the mammary gland (98). 
Insulin infusion also caused increased amino acid uptake by muscle 
(41,98,141). Trenkle (141) in his review suggested that insulin effects 
on protein metabolism may be directed more strongly to decreased 
degradation rather than to increased synthesis of protein. A decrease 
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in insulin concentration is important for increasing lipolysis during 
hypoglycemia (84). A decrease in insulin concentrations usually is 
associated with increased FFA concentration, which may be indicative of 
relative rates of lipogenesis and lipolysis (73,65/138). Increases in 
insulin concentrations also have been associated with decreased FFA 
concentration (26). An increase in insulin serves to increase the flow 
of carbon to adipose tissue and to limit FFA release (141). 
Brockman and Bergman (40) have shown that insulin secretion rates 
ranged from .43 units per hour in fed sheep to .18 units per hour in 
fasted sheep. Fasting also increased hepatic removal of insulin. In 
contrast, Trenkle (139) was unable to show any effect of fasting on 
clearance rate but was able to show that secretion rate was decreased 
during fasting. Trenkle's findings have been confirmed (69,72). 
Increasing body weight (and age) caused a decrease in insulin secretion 
rate for a low-energy diet but no change for a high-energy diet (69). 
Secretion rate in dry cows was three times greater than in lactating 
cows (92.7 vs. 30.1 milliunits/hour per kg'75) but the difference was 
not significant (102). The secretion rate of insulin was two fold 
greater in high-producing cows than in low-producing cows. No 
differences in clearance rates were detected, therefore the greater 
insulin concentration in the low-producing cows was due to the greater 
secretion rate (72). 
Insulin secretion can be altered by glucose, amino acids, volatile 
fatty acids, nicotinic acid, glucagon, and somatostatin and by changes 
in physiological state. Glucose infusions caused increases in insulin 
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concentration (82,83,109,128). Insulin secretion decreased in response 
to glucose stimulation in ketotic cows (85) suggesting an adaptation to 
an energy deficit has occurred (85,87), but Berzins (25) thought the 
insulin response to glucose loading was adequate for normal metabolism. 
Decreases in glucose concentration seem to decrease insulin 
concentration (20,68,71,84,106,138,139), and this may allow for 
preferential use of glucose by the mammary gland (3,85,98). As 
indicated already, insulin is required for glucose utilization by 
peripheral tissues but not by mammary gland. 
Abomasal infusion of protein into sheep have increased insulin 
concentration (13) and duodenal infusion into steers also tended to 
increase insulin concentration (26). Few studies have been performed to 
determine effects of individual amino acids on insulin secretion, but 
Bassett (18) believed that plasma amino acids are not important in 
mediating insulin secretion postprandially in ruminants. In fact, alpha 
amino nitrogen concentration decreases after feeding, which is in 
opposition to the increase in insulin concentration (18). Arginine 
infusion into sheep and cattle, however, causes a prompt and rapid 
increase in insulin concentration (79,128). Alanine infusion, also, 
seemed to increase insulin concentration in lambs (61). 
Volatile fatty acids have long been known to stimulate insulin 
secretion in ruminants. Manns and Boda (108) demonstrated, more than 15 
years ago, that injections of propionate and butyrate but not acetate 
could stimulate insulin secretion in sheep. That same year, their group 
demonstrated similar effects using infusions rather than injections 
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(109). Similar responses of insulin to infusions and injections of 
propionate, butyrate, and acetate have been demonstrated 
(15,37,58,83,128). In most instances, infusions of volatile fatty acids 
into the rumen or aboraasum gave smaller but similar responses to 
intravenous infusion. Butyrate seems to be a more potent secretagogue 
than propionate (37) and both seem to be more potent than glucose (138). 
Valerate also is capable of eliciting an increase in insulin 
concentration (58). Medium-chain fatty acids up to 8 to 10 carbons seem 
capable of stimulating insulin secretion but water insoluble fatty acids 
do not have an effect (82). Feeding fat caused a decreased fractional 
removal rate of insulin and seemed to induce insulin resistance in cows 
(116). Plasma ketone and FFA concentrations in ketotic cows (149) and 
FFA concentration in normal cows (148) were decreased by intravenous 
dosing of nicotinic acid and these decreases may have been mediated via 
increased concentration of insulin. 
Several hormones can stimulate release of insulin in ruminants. 
Glucagon infusion increased insulin concentration but direct effects of 
glucagon could not be separated from increased glucose concentration 
(14,42). Glucagon injection can stimulate insulin secretion in sheep 
and the increase in insulin concentration occured before an increase in 
glucose concentration (67), which proved that glucagon has a direct 
effect on insulin secretion. The physiological significance of this 
stimulatory capability is not understood. Somatostatin inhibits insulin 
secretion in sheep (42,43) but not in all sheep (44). The variation in 
response may be a result of variation of dosage or biological activity 
37 
of the somatostatin. Bassett (18) and Trenkle (141) indicate, in their 
reviews, that gastrointestinal hormones such as secretin and 
cholecystokinin can stimulate insulin secretion, but further research is 
needed to elucidate effects of these and other gastrointestinal hormones 
on insulin secretion. There is some evidence to indicate that the 
autonomic nervous system can influence insulin secretion (14,29,43,128), 
but further research is needed to determine the direct effects of the 
nervous system on insulin secretion. 
Insulin concentration usually decreases in response to fasting 
(68,85,138,139) and development of ketosis (51,85,87). Much of the 
decrease in insulin concentration probably reflects adaptation to 
low-energy intakes via decreased glucose concentration (85) and the need 
to raobilze body reserves. Insulin concentration was lower in sheep fed 
to requirement than in those fed ad libitum or fed diets of greater 
energy density (26,131,133,138). Grain feeding resulted in greater 
insulin concentration than hay feeding, probably via stimulation by 
propionate and butyrate (138). Concentration of insulin was greater 
during the dry period than in early lactation (102,106,107,133). This 
difference is not magnified by differences in milk production because 
the separation in insulin concentrations does not change significantly 
at various stages of lactation and gestation (73). Plasma insulin 
concentration (143) was less in cows during early lactation (30 days 
postpartum) than in mid lactation (90 days postpartum). 
Insulin concentration increased after feeding in sheep (18,28,69), 
but increased in dairy cows only during late lactation when the cows 
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would be expected to be in positive energy balance (87). The effect on 
postprandial insulin is greater from concentrate diets than from hay 
diets (57). Forage diets with liberal amounts of concentrates did not 
affect insulin 6 to 7 hours after feeding in dairy cows (133). 
Additional information is needed to delineate factors controlling 
secretion and clearance rates of insulin. 
Growth hormone GH is a peptide hormone composed of 191 amino 
acid residues (molecular weight of 21500) and is secreted from the pars 
distalis region of the anterior pituitary. Œ functions to stimulate 
growth in young animals (105) and to increase milk production in dairy 
cows (104,117,118). The specific functions of GH are to (a) promote 
uptake and incorporation of amino acids into protein in all tissues but 
especially in muscle and mammary gland, (b) to increase the release of 
FFA fron adipose tissue and the oxidation of FFA, and (c) to antagonize 
the lipogenic effects of insulin and increased concentration of glucose 
(105). In the dairy cow, the function of GH seems to be to partition 
nutrients to the mammary gland by increasing the availability of 
nutrients for the mammary gland and possibly by increasing blood flow to 
the mammary gland (70). 
The effect of GH in regulating nutrient availability for milk 
production may be direct by increasing gluconeogenesis or indirect by 
sparing glucose utilization and(or) increasing the supply of alternate 
energy substrates (110). OH injection into lactating cows has increased 
milk production (117,118) without any short-term increase in feed 
intake, thereby improving efficiency of milk production (104,117). ffl 
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increases the flow of carbon away from adipose tissue and may prolong 
growth of skeletal muscle or synthesis of milk (141). Amino acid 
transport and protein synthesis rates are increased by GH, therefore, 
increased uptake of amino acids is expected in both liver and mammary 
gland tissues. GH may increase hepatic ketone production, possibly by 
increasing lipolysis and increasing FFA concentrations in plasma and 
liver (27). QH addition to adipose tissue slices of sheep was able to 
decrease rate of fatty acid synthesis (145). C3î injection 
intramuscularly increased FFA concentration in calves (74), in cows 
(119), and sheep (89). 
Few researchers have determined secretion and clearance rates for 
GH. Clearance rate was not affected by milk yield (72) or by fasting 
(140). Secretion rate was greater, but not significantly so, in 
high-producing cows and this corresponds with a two-fold greater 
concentration of GH (72). A great emphasis has been directed in recent 
years toward the effects of GH on meat and milk production in ruminants. 
This emphasis should provide data in relation to factors controlling GH 
secretion and clearance rates. 
Growth hormone secretion has been altered by glucose, 
2-deoxyglucose, amino acids, antilipolytic compounds, nicotinic acid, 
glucagon, insulin, and somatostatin and by changes in physiological 
state. Glucose injection caused increases in GH concentrations in sheep 
(147) and in cows (124), but the effects were not always consistent in 
sheep (147). Glucose infusion also caused GH concentration to increase 
in lambs (135). Infusion of 2-deoxyglucose caused increases in GH 60 to 
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90 minutes after the onset of infusion (136). The similar responses to 
opposing actions, i.e., excess and deficiency of glucose, suggests that 
GH secretion is controlled by release of inhibitory influences, possibly 
by decreases in FFA concentration or by the need for energy metabolites. 
Protein infusion into the abomasum of lambs caused a decrease in GH 
concentration (13). This decrease is in contrast to the increase in GH 
concentration caused by injections or intravenous infusions of arginine 
(79,124,136,140). The infusion of protein contributes more than amino 
acids, and therefore could influence energy metabolism, in addition to 
protein metabolism, and the hormones associated with energy metabolism. 
Growth hormone concentration was decreased by intravenous infusion 
of FFA, and intravenous infusion or ingestion of antilipolytic agents 
caused decreases in FFA concentration and increases in GH concentration 
(78). Nicotinic acid injection caused increased Œ concentration 
probably via a decrease in FFA concentration (78,124). 
The transient and inconsistent increases in GH concentration caused 
by glucagon infusions (14) are difficult to explain because of the 
inconsistent increases in FFA. The effect of glucagon could be 
explained more easily by a decrease in FFA concentration (48). The 
increase in glucose was more consistent and may have had a greater 
effect on GH secretion than FFA concentration. Insulin infusion (136) 
and injection (78,124,147) caused an increase in GH concentration. 
Glucose and FFA concentrations were decreased and insulin effects were 
probably mediated via the decreased FFA concentration. Somatostatin 
infusions were able to inhibit the increases in GH concentration induced 
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by antilipolytic ccsnpounds and by glucose and arginine (48). The 
influence of gastro-intestinal hormones or catecholamines on GH 
secretion have not been investigated fully. 
Growth hormone concentration usually is increased in ruminants 
during fasting (68,78) or feed restriction (66), but GH concentration is 
not always significantly increased above control values (68,147). 
Reynaert et al. (125) observed a decrease in GH concentration in ketotic 
cows and suggested that the increased FFA concentration may impair GH 
secretion, thereby benefiting the ketotic cow by limiting milk 
production and FFA release. The onset of lactation causes GH 
concentration to increase (55,65,88), and usually coincides with the 
need for energy substrates. Beef and dairy cows, with different 
abilities to produce milk, had different concentrations of GH Dairy 
cows, the high producers, had greater GH concentration (71,72,73). 
There is generally a positive relationship of milk production with GH 
concentration (89), and a negative relationship between energy intake 
relative to energy requirement and QI concentration in lactation 
(133,143) and in gestation (20). These changes in GH concentration are 
indicative of the function of GH to partition nutrients from lipogenesis 
in adipose tissue to milk synthesis in the mammary gland. 
Growth hormone responses to feeding have not been consistent from 
one experiment to another. Feeding failed to cause changes in GH 
concentration in cows (27,28,86,133,143) or in sheep (147). In 
contrast, GH concentration was decreased after feeding in sheep (15) but 
increased after feeding in heifers fed a restricted amount of feed 
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(131). Ewes carrying two or more lambs did not show variations in GH 
concentration due to feeding 8 weeks prepartura but at 1 week prepartura 
showed a rapid increase in GH concentration after feeding (86). 
Although FFA concentration was not determined, the decrease in 
acetoacetate after feeding suggests a decreased FFA concentration and 
decreased ketogenesis, thereby removing the inhibition on GH secretion. 
In contrast, GH concentrations decreased after feeding in underfed cows 
(85) suggesting that feeding improved energy status of the cows and that 
GH secretion was inhibited by the influx of nutrients. (3î concentration 
increased iiranediately after lambs suckled milk or were fed hay and also 
after adult ewes were fed (16). 
Insulin to glucagon ratio Unger (142) first postulated the 
importance of the molar ratio of insulin to glucagon in the regulation 
of metabolism in non-ruminants. This postulated importance later was 
extended to ruminants by Bassett (18). Based upon functions of these 
hormones, an increase in insulin to glucagon ratio should promote 
storage of ingested nutrients by increasing lipogenesis and protein 
synthesis and by inhibiting lipolysis and glucose production. A decline 
in insulin to glucagon ratio should promote mobilization of stored 
nutrients by increasing hepatic glucose production frcan gluconeogenic 
amino acids, by reducing protein synthesis, and by increasing FFA and 
glycerol release from adipose tissue (142). 
Insulin to glucagon ratio usually is low (less than three) and 
usually do not increase greatly in ruminants after a meal (18). Fasting 
causes a decrease in the insulin to glucagon ratio, primarily as a 
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result of decreases in insulin concentration (19). Feed restriction 
caused a 50 % reduction in the insulin to glucagon ratio in sheep (68). 
When insulin to glucagon ratio is low, glucagon may direct liver to use 
amino acids for glucose synthesis and therefore indirectly decrease 
protein synthesis (39). Low insulin also would increase glucose 
availability to the mammary gland (3). 
Insulin to growth hormone ratio Rabinowitz et al. (122) first 
postulated the importance of the molar ratio of insulin to growth 
hormone. A balance between the antilipolytic effect of insulin and the 
lipolytic effect of GH may serve as a mechanism for control of fatty 
acid release from adipose tissue (74). An increase in insulin to GH 
ratio would stimulate lipogenesis and protein synthesis (13), whereas a 
decrease in insulin to GH ratio would stimulate mobilization of adipose 
(133). The secetion of insulin and GH is greatly dependent on nutrient 
intake (20) and insulin to GH ratio is decreased during fasting (68). 
Feeding caused a decrease in GH and an increase in insulin 
concentrations resulting in a increase in insulin to GH ratio (15). 
Insulin to GH ratio decreases in cows at the onset of lactation (72) and 
this decrease serves to increase the availability of energy precursors 
for the mammary gland (72,110,141,145), and may ensure a supply of 
glucose and FFA to mammary gland for milk synthesis in a time when 
energy intake is deficient (143). 
Summary of literature 
Gluconeogenesis is a vital process for maintaining a supply of 
glucose for various metabolic needs. In ruminants, fermentation of 
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carbohydrates to volatile fatty acids in the rumen limits the amount of 
glucose that reaches the small intestine. Synthesis of milk lactose and 
other milk conponents that require glucose places a great demand on the 
gluconeogenic tissues, liver and kidney. Early lactation cows producing 
large quantities of milk sometimes do not have the capacity to 
synthesize enough glucose to meet the demand. The resulting 
hypoglycemia initiates numerous hormonal changes. These hormonal 
changes are intended to stimulate glucose synthesis from protein and to 
spare glucose utilization by providing alternate energy sources from 
adipose tissue. The provision of alternate energy sources, FFA, can 
exceed the availability of gluconeogenic precursors. This excess can 
cause impaired oxidation of FFA and result in hyperketonemia. The 
hyperketonemia and hypoglycemia can lead to development of lactation 
ketosis. 
Understanding of hormonal changes and possible imbalances caused by 
the metabolic changes is not complete. Changes in the hormones, 
especially glucagon, controlling carbohydrate, protein, and lipid 
metabolism and the interactions between the hormones must be examined in 
normal and ketotic cows to provide a more complete understanding of the 
etiology of lactation ketosis. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is presented in the alternate format, as outlined 
in the Iowa State University Graduate College Thesis Manual. Use of the 
alternate format allows for the preparation of independent sections, 
each of which is in a form suitable for submission for pubilication in a 
scientific journal. 
Two separate papers have been prepared from the data collected from 
research performed to partly fulfill requirements for the Ph.D. degree. 
Each paper is complete in itself and has an abstract, introduction, 
methods, results, conclusion, and bibliography. The closeness of the 
subject matter of the two papers allowed a generalized conclusion to be 
prepared. 
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SECTION I. DIURNAL VARIATIONS 
AND GROWTH HORMONE 
ENERGY RESTRICTIŒ 
OF GLUCAGŒ, INSULIN, 
DURING LACTATION AND 
IN DAIRY COWS 
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ABSTRACT 
Six Holstein cows were sampled hourly for 24 h to examine plasma 
concentrations of hormones and metabolites. Cows were sampled at about 
2 weeks preparatum, at 3 weeks postpartum, during a ketonemia induced by 
feed restriction, and after a recovery period. Prepartum cows were fed 
long alfalfa hay and postpartum they were fed a complete mixed diet. 
Cows were fed ad libitum except during ketonemia when feed intake was 
restricted to 54% of previous ad libitum intake. The onset of lactation 
caused plasma concentrations of growth hormone, glucagon, acetoacetate, 
beta-hydroxybutyrate, and total amino acids to increase and those of 
insulin and glucose to decrease. Feed restriction exaccerbated the 
changes seen at 3 weeks postpartum except for total amino acids and 
glucagon which decreased to prepartum concentrations. Resumption of ad 
libitum feeding caused most hormones and metabolites to return to 
prepartum concentrations. Diurnal variations in response to feeding 
were most evident for growth hormone, free fatty acids, and total amino 
acids. The 3 week postpartum and ketonemic periods gave the largest 
responses to feeding. Molar ratios of insulin to glucagon and insulin 
to growth hormone tended to decrease at 3 weeks postpartum and decreased 
even further in ketonemia, demonstrating hormonal adaptations to 
decreased energy intake in a time of increased energy need. 
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INTRODUCTION 
Synthesis of milk places great stress on the metabolic capacity of 
dairy cows. The priority given to metabolic demands of milk production 
may render high-producing cows susceptible to ketosis (2), a metabolic 
disorder affecting approximately 4 % of all dairy cows in the United 
States. Ketosis is characterized by increased concentration of blood 
ketone bodies, decreased concentration of blood glucose, anorexia, and 
decreased milk production (22). 
The etiology of ketosis is not understood fully. Recent reviews 
(2,22) have summarized various theories for the cause(s) of ketosis. 
These theories center around carbohydrate insufficiency caused by 
secretion of glucose via lactose in milk and around excess lipid 
mobilization caused by the demand for energy for milk synthesis. 
Partitioning of nutrients between the mammary gland and other tissues in 
dairy cows is controlled largely by the endocrine system. The hormones 
that seem to be most involved include glucagon, insulin, and growth 
hormone (8). 
Glucagon is a hyperglycemic hormone, promoting gluconeogenesis and 
lipolysis. Insulin is a hypoglycemic hormone, promoting storage of 
metabolites in peripheral tissues (9). Growth hormone (GH) is generally 
an anabolic hormone, promoting protein accretion somewhat at the expense 
of lipid deposition (23). In dairy cows, injections of GH have 
stimulated milk production without any significant short-term changes in 
feed intake (29). An imbalance of insulin to glucagon may limit glucose 
availability and an imbalance of insulin to GH may cause an excessive 
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mobilization of lipid from adipose tissue. Either imbalance alone or 
the two together may predispose lactating cows to ketosis. 
Few data are available on diurnal patterns of GH, insulin, and 
especially glucagon concentrations in plasma of dairy cows in early 
lactation and during ketosis. The objective of this experiment, 
therefore, was to measure plasma concentrations of GH, insulin, and 
glucagon for diurnal patterns as dairy cows adjusted from late gestation 
to early lactation, to a ketonemia induced by feed restriction, and 
after a period of recovery. 
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MATERIALS AND METHODS 
Feeding and management 
Six Holstein cows, entering at least their second lactation, were 
housed in tie stalls and individually fed twice daily at 8 am and 5 pm 
beginning approximately 4 weeks prepartum and continuing to 
approximately 10 weeks postpartum. .Feed intake was recorded daily. 
Alfalfa hay, identical to that chopped and used later in the complété 
mixed diet, was offered ad libitum during the 4 weeks prepartum. At 
approximately 1 week prepartum, lead feeding of a complete mixed diet 
was initiated at increments of .5 kg per day from 2.0 kg to 5.0 kg. 
Composition and chemical analysis of the feed is given in Table 1. The 
complete mixed diet was offered ad libitum for the first 3 weeks 
postpartum. In an attempt to induce ketosis, intake of the canplete 
mixed diet was restricted at week 4 to 75 % of the average daily feed 
intake of the previous week. Urine was monitored for presence of ketone 
bodies by an on-farm test (Ketonate powder^). If ketone bodies were not 
detected within 10 days, a further restriction to 60 % of ad libitum 
intake was imposed. If after 7 more days ketone bodies still were 
undetected, feed intake was restricted to 50 % of ad libitum feed 
intake. Cows were considered ketonemic when urine tested positively for 
the presence of ketone bodies on two consecutive days. When cows were 
judged to be in a ketonemic state or had been on 50 % of ad libitum 
^Ketonate™ was from Labanco, Inc., Box 483 Addison, IL. 
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TABLE 1. Composition and chemical analysis of the complete mixed diet 
Ingredient 
Percent 
of total 
feed DM 
Dry 
matter of 
ingredient 
Crude 
protein of 
ingredient 
estimated 
net energy 
( % )  ( % )  (%DM) (Meal NEi/kgDM) 
Chopped alfalfa hay 26.0 90.0 19.7 1.30 
Corn silage 17.7 44.0 8.0 1.58 
Concentrate^ 51.9 90.1 18.8 1.61 
Soybean meal 4.4 89.9 44.5 1.85 
Total diet 100 76.0 18.3 1.53 
^ The concentrate consisted of 60% crushed corn, 10% dehydrated 
alfalfa pellets, 27% soybean meal, .75% limestone, 1.25% dicalcium 
phosphate, and 1.0% trace mineralized salt. There were 6600 lU vitamin 
A and 3300 lU vitamin D per kg of concentrate. 
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intake for 7 days, blood was sampled and the cows were given free access 
to the complete mixed diet for the next 4 weeks as a recovery period. 
Body weights were recorded every second or third day during the 
experiment. Cows were milked at 2 am and at 2 pm and milk production 
was recorded daily. Milk conposition was determined^ on two consecutive 
milkings every 2 weeks and on blood sampling days. 
Blood sampling 
At four stages of late gestation and early lactation, blood fron 
each cow was sampled fron jugular catheters every hour for 24 hours 
beginning at 8 am, just before feeding. The catheters had been 
installed at least 10 hours before the first sample and were flushed 
with saline (.9 % NaCl) containing 5 lU heparin/ml. The first sampling 
day was at approximately 2 weeks prepartum (dry period), and the second 
was at approximately 3 weeks postpartum (early lactation) on the day 
just before initiation of feed restriction. The third sampling day was 
when the cows were considered to be ketoneraic or deemed to most closely 
approach a ketonemic state, i.e., at approximately 6 weeks postpartum 
(ketonemic period). At the end of this 24-hour sampling, the cows were 
given immediate free access to the complete mixed feed and immediately 
infused with 500 ml of 50 % dextrose^ over approximately 20 min. Blood 
was sampled hourly for an additional 6 hours, i.e. from 8 am to 1 pm. 
Zpat, protein, and lactose were determined by the Milkoscan 300 
procedure. Dairy Laboratory Services, Inc., Dubuque, lA. 
^Dextrose monohydrate - 50 % w/v, was purchased from Bio-Ceuticals 
Laboratories Inc., St. Joseph, MI. 
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The fourth sampling day was after a 4 week recovery period at ad libitum 
intake (post-recovery period). 
Analysis of plasma constituents 
Thirty ml of blood (containing 15 ^ 1 of 4 % NaF and 12 lU 
heparin/ml) were centrifuged immediately at 4°C. Three ml of plasma 
were deproteinized immediately by using 3 ml Ba(Œi)2 and 3 ml ZnSO^ 
(38), and the protein-free filtrates were stored at 4°C. These 
filtrates were analyzed for acetoacetate (25) and beta-hydroxybutyrate 
(44) within 48 hours of preparation. The remaining plasma was portioned 
into small samples and stored at -20°C until analyzed for glucose^, 
total amino acids (28), free fatty acids (37), growth hormone (40), 
insulin (39), and glucagon (15). Plasma samples for glucagon contained 
500 lU of trasylol5/ml to inhibit proteolysis of glucagon. 
Statistical analysis 
Metabolite and hormone concentrations were averaged for each cow 
for each day using the 24 hourly samples. Means were subjected to least 
squares regression analysis and to preplanned orthogonal comparisons 
using single degrees of freedom to detect period effects (35). To 
examine the data for feeding and(or) milking variations by period, 
sample means were compared to 8 am sample means using appropriate 
orthogonal comparisons (35). 
^Glucostat was purchased from Worthington Biochemicals, Freehold, 
NJ. 
^FBA Pharmaceuticals, Mobay Chemical Corp., New York, NY. 
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RESULTS AND DISCUSSION 
The emphasis of this research was on hormonal adaptations to 
changes in physiological state of dairy cows. The results and 
discussion section first presents data such as body weights, feed 
intakes, milk yields, and plasma metabolite concentrations to give the 
magnitude of changes. The hormone data then are presented and 
discussed. 
Feed intake, body weight, milk yield, and milk composition 
Means for intakes of dry matter, estimated net energy, and protein 
and estimated requirements for energy and protein (27) are given in 
Table 2. Dry matter intakes were increased from the dry period to the 
early lactation period. Fisher et al. (13) used restriction of grain to 
induce ketosis in dairy cows, but because the possibility exists that 
diet composition could have an influence on endocrine status, 
restriction of the intake of the complete mixed diet was utilized to 
induce a ketonemia in my experiment. Dry matter intakes in the 
ketonemic period were restricted to an average of 54 % of the ad libitum 
intake, and intakes were not significantly different than those in the 
dry period. Feed restriction was limited to a maximum of 50 % of ad 
libitum intake to differentiate this energy-deficiency ketonemia from 
the starvation ketosis of Baird et al. (3). Dry matter intakes in the 
post-recovery period were slightly less but not significantly less than 
those of the early lactation period; intakes were expected to be greater 
in the post-recovery period. Lack of a difference may have been due to 
the hot and humid conditions experienced during the latter portion of 
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TABLE 2. Mean dry matter, estimated net energy, and crude protein 
intakes and estimated net energy and crude protein 
requirements in dairy cows during gestation and lactation 
Period 
Dry 
Early Post -
lactation Ketosis recovery SE 
Intake: 
Dry matter 
(kg) 9.9a 19.2b 10.4a 18.3b 1.0 
Net energy 
(Meal NEi) 13.la 31.5c 17.lb 30.ic lA 
Crude protein 
(kg) 1.98a 3.99b 2.17a 3.82b .20 
Estimated requirement: 
Net energy 
(Meal NEi) 13.1 31.9 27.7 27.4 
Crude protein 
(kg) 0.97 3.17 2.68 2.63 
a,b,c Means with different superscripts in rows are significantly 
different (P<.05). 
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this experiment during the summer of 1982. Heat and humidity are known 
to decrease feed intake in dairy cows (12). 
Energy intakes met requirements and protein intakes exceeded 
requirements (27) during the dry period. Energy and protein intakes 
during lactation periods paralleled those of dry matter intakes. Energy 
intake during the early lactation period was almost equal to estimated 
requirements. Estimated energy intake in the ketonemic period averaged 
10.6 Meal (NEi) below estimated requirements. Fisher et al. (13) 
demonstrated that cows deficient 10 Meal of NE^ or greater in energy 
intake could develop ketosis. In the post-recovery period, energy and 
protein intakes were greater than estimated requirements, primarily 
because of decreased milk production rather than increased dry matter 
intakes. 
Mean body weights, milk yields, and milk composition are in 
Table 3. Cow weights averaged 633 kg on the day blood was sampled in 
the dry period. The cows then gained only 18 kg to just before 
parturition, and on the day after parturition they averaged 584 kg. The 
cows lost 50 kg more during the first 3 weeks postpartum, to weigh 534 
kg at the blood sampling day in early lactation, plus another 51 kg 
during the feed-restriction period of approximately 3 weeks. The total 
loss in body weight during the first 6 weeks postpartum was almost 
identical to that observed by Mills (26) for cows induced into ketosis 
by restricting feed and feeding 1,3-butanediol (101 vs 105 kg). The 
loss in body weight during the first 3 weeks postpartum must have been 
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Table 3. Mean body weight, milk yield, and milk composition for 
experimental cows 
Measurement Dry 
Period 
Early Post-
lactation Ketosis recovery SE 
Body weight 
(kg) 633C 
Milk yield 
(kg/day) 
Milk composition 
Fat {%) 
Protein (%) 
Lactose (%) 
534b 
33.0b 
3.62 
2.78 
5.06 
4833 
26.9a 
3.73 
2.54 
4.96 
50ia 
26.5a 
3.42 
2.56 
5.11 
14 
1.2 
.17 
.06 
.04 
a,b,c Means with different superscripts in rows are significantly 
different (P<.05). 
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almost entirely due to mobilization of body reserves to support milk 
production. The cows, at this time, were consuming the ccsnplete mixed 
diet ad libitum. The loss during the ketonemic period was a combination 
of mobilization of body reserves and rumen and intestinal fill. The 
cows gained little during the 4 week post-recovery period. Heat and 
humidity may have inhibited feed intake (12), such that only enough feed 
was consumed to maintain body weight and to support milk production. 
Average daily milk production decreased from 33.0 kg before feed 
restriction, i.e., early lactation, to 26.9 kg at the end of the feed 
restriction period. This decrease seemed to be primarily due to the 
imposed feed restriction. Starvation initiated at peak lactation has 
been shown to cause a major decrease in milk production of cows (34). 
The cows in my experiment would show detectable amounts of ketone bodies 
in urine but before blood samples could be taken for 24 hours, milk 
production would decrease and ketone bodies would no longer be present 
in the urine. This metabolic adjustment made further feed restriction 
necessary to produce a ketonemia. During the recovery period, milk 
production failed to return to pre-feed restriction amounts. This 
failure may have been a result of prolonged feed restriction but more 
probably was due to heat and humidity (12) or a combination of feed 
restriction and heat and humidity. During the severe summer heat, milk 
production of individual cows at the Iowa State University dairy farm 
was decreased by 4 to 7 kg daily. Milk composition was unaffected by 
stage of lactation or by feed restriction. Previous research (21) has 
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shown that ketosis does not significantly affect milk composition and 
supports my findings. 
Metabolites 
Mean concentrations in plasma of acetoacetate (ACAC), 
beta-hydroxybutyrate (BHBA), glucose, free fatty acids (FFA), and total 
amino acids (TAA) are in Table 4. These concentrations are averages of 
the mean daily concentrations for each of the six cows by periods using 
the 24 hourly samples. When averaged over samples for each period, the 
ketone bodies, ACAC and BHBA, responded similarly to lactation and to 
feed restriction. Ketone body concentrations in cows of my study were 
similar to those normally seen during the dry period (1). Ketone body 
concentrations were increased nonsignificantly in early lactation and 
significantly in the ketonemic period. Concentrations of ketone bodies 
had returned to dry period concentrations at the end of the 4 week 
recovery period. Analyses for diurnal effects showed that ACAC and BHBA 
concentrations largely were not influenced by feeding or milking. 
Previous research (18,19) has shown that ACAC concentrations increased 
most after feeding in ketotic cows and least in normal cows. Increases 
in ACAC after feeding were detected only in the post-recovery period 
(Appendix Fig. Al). In that period, ACAC concentrations were increased 
2 hours after both feedings and remained elevated for 4 to 5 hours. 
BHBA concentrations in the post-recovery period exhibited similar 
patterns to those of ACAC (Appendix Fig. A2). 
Plasma glucose concentrations (Table 4) decreased nonsignificantly 
from concentrations normally seen in the dry period (1) to the early 
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TABLE 4. Mean plasma metabolite concentrations in dairy cows during 
gestation and lactation 
Period 
Metabolite Dry 
Early 
lactation Ketosis 
Post -
recovery SE 
Acetoacetate 
(mg/dl) .28% 1.65ab 2.92b .523 .41 
Beta-hydroxybutyrate 
(mg/dl) 5.2a lO.eab 15.5b 6.03 1.56 
Glucose 
(mg/dl) 58.6b 53.7ab 48.7a 56. ob 1.40 
Free fatty acids 
(mmol/1) CO
 cr
 
.442b .43ab .323 .03 
Total amino acids 
(mmol/1) 1.963 2.40b 1.90a 1.863 .06 
^'^eans with different superscripts in rows are significantly 
different (P<.05). 
74 
lactation period and significantly during the ketonemic period. Plasma 
glucose concentrations returned to dry period concentrations during the 
recovery period. Plasma glucose concentrations did not vary 
significantly with feeding and(or) milking (Appendix Fig. A3). 
Schultz (36) suggested that cows could be considered ketotic if 
blood concentrations of glucose were less than 40 mg/dl (equal to 
approximately 53 mg/dl plasma) and total ketone body concentrations were 
greater than 10 mg/dl. Using these criteria, cows were marginally 
ketotic in early lactation and definitely ketotic during the feed 
restriction period. The cows did seem restless, possibly because of 
hunger, but did not exhibit nervous signs. Baird et al. (3) have shown 
that feed restriction (starvation) could produce hyperketonemia and 
hypoglycemia but that cows varied in their susceptibility to feed 
restriction. Anorexia was not observed, although the imposed feed 
restriction may have overshadowed any effects of inappetence induced by 
ketosis. 
In relation to the dry period, mean FFA concentrations (Table 4) 
were changed little for the early lactation and ketonemic periods but 
were decreased in the post-recovery period. All means fell well within 
the reported range of .17 mM for normal fed cows to 2.14 mM for 
feed-deprived cows (1). Mean concentration of FFA in the dry period 
previously has been shown to increase 1 to 2 weeks before calving, even 
in cows fed to meet 100% of energy and protein requirements (33). The 
high mean values suggest that the cows were in negative energy h»alance 
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and were mobilizing FFA fran adipose tissue to provide energy for fetal 
growth in late gestation or for synthesis of milk in the early lactation 
and ketonemic periods. The decreased FFA concentration in the 
post-recovery period suggests that the cows were at energy equilibrium 
or in positive energy balance. 
Significant diurnal effects on FFA concentrations (Fig. 1) were 
observed in all periods, but were most dramatic in the early lactation 
and ketonemic periods. FFA concentrations were usually highest just 
before feeding and lowest 4 to 6 hours after feeding. FFA 
concentrations also were usually higher just before the 8 am feeding 
than just before the 5 pm feeding. FFA concentrations ranged from an 
average of .55 mM just before the 8 am feeding to .39 mM 6 hours after 
feeding in the dry period. During the ketonemic period, FFA 
concentrations ranged from .67 mM just before the 8 am feeding to .24 mM 
6 hours after feeding. Responses to feeding were not as great during 
the early lactation period but showed similar trends. Even though feed 
was offered ad libitum in all periods except the ketonemic period, the 
cows tended to consume most of their feed within 2 to 4 hours after 
feeding. This consumption pattern may explain why FFA concentrations in 
samples taken at 8 am were greater than those in samples taken at 5 pm. 
The interval between maximal consumption and refeeding was approximately 
13 to 15 hours for the 8 am samples but 5 to 7 hours for the 5 pm 
samples. 
Mean TAA concentrations (Table 4) were increased only in the early 
lactation period. This increase suggests that protein was being 
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ÏÏ.25 
10am 4pm 11 pm 5am 
TIME 
Figure 1. Diurnal variations of plasma free fatty acids in cows 
during the dry period (# •), the early lactation 
period (#••••#), a feed restriction induced ketonemia 
(A—A), and after a recovery period (•—•). (Open 
symbols represent a significant difference (P<.05) from 
the 8 am sample. Arrows indicate time of feeding) 
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mobilized, yet not all of the released amino acids were being used for 
gluconeogenesis, for energy, or for milk protein synthesis. The 
increase in total amino acids is in contrast to a decrease observed by 
others (14) for plasma amino acids of cows in early lactation. In the 
ketonemic period, an equal, or perhaps greater, amount of protein would 
be degraded. The rate of gluconeogenesis or the demand for 
gluconeogenic precursors would be greater as would energy utilization 
from stored nutrients, therefore TM concentrations should decrease. 
The TAA concentrations in the post-recovery period were less than in the 
early lactation period probably because the zero or slightly positive 
energy balance would be promoting protein synthesis and deposition. 
Diurnal concentrations of total amino acids in plasma were not 
influenced by feeding or milking in the dry or early lactation periods 
(Fig. 2). TAA concentrations decreased to a nadir at 3 to 6 hours after 
feeding, however, in both the ketonemic and post-recovery periods. A 
similar decrease has been observed for sheep fed once daily (5). 
Assuming that TAA concentration could be an indicator of relative rates 
of synthesis and degradation and also could be an indicator of the 
availability of gluconeogenic precursors, then the feeding variations in 
TAA concentration can be explained. Upon feeding, amino acid release 
would be slowed or amino acids would be incorporated into protein, 
therefore TAA concentration would decrease. After 3 to 6 hours, the 
feeding stimulation is diminished and TAA concentration returns to 
pre-feeding concentration. 
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TIME 
Diurnal variations of plasma total amino acids in cows 
during the dry period (# #), the early lactation 
period {#—•#)/ a feed restriction induced ketonemia 
(A--A)f and after a recovery period (•—•). (Open 
symbols represent a significant difference (P<.05) frcm 
the 8 am sample. Arrows indicate time of feeding) 
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Insulinf growth hormone, and glucagon 
Mean plasma concentrations of insulin, Œ, and glucagon are in 
Table 5. Insulin concentration decreased non-significantly from the dry 
period to the early lactation period and significantly in the ketonemic 
period. Decreased insulin concentrations previously have been observed 
at the onset of lactation and during ketosis (10). Insulin 
concentration increased during the post-recovery period to exceed dry 
period concentration. This increase above the dry period was probably a 
response to the change in diet (hay vs. complete feed) (20) and may 
reflect the change in energy status. Hove and Blom (18) have shown an 
increase in insulin concentration after feeding and a similar result was 
obtained in my experiment (Appendix Fig. A4). Increases in insulin 
concentration were transient, ranging from 1 hour to 5 hours in 
duration, and varied depending on physiological state. The maximum 
increase in insulin concentration after feeding was observed in the 
post-recovery period. Insulin concentration in the dry period did not 
have a clearly defined pattern in relation to feeding, but seemed to 
decrease after feeding. 
Mean GH concentration (Table 5) increased only slightly from the 
dry period to the early lactation period but increased significantly in 
the ketonemic period. Qi concentration returned to dry period 
concentration during the post-recovery period. The mean responses to 
changes in physiological state are in accord with known functions of GH, 
i.e., mobilization of stored nutrients (23). Reynaert et al. (32) 
observed decreased GH concentration in ketotic cows compared to that of 
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TABLE 5. Mean plasma concentrations of insulin, growth hormone, and 
glucagon and molar ratios of the hormones 
Hormone 
Period 
Dry 
Early 
lactation Ketosis 
Post-
recovery SE 
Insulin 
(ng/ml) .35^ 
Growth hormone 
(ng/ml) 4.03^ 
Glucagon 
(pg/ml) 155a 
Molar ratios 
Insulin to 
growth hormone .37^ 
Insulin to 
glucagon 1.32^ 
Growth hormone to 
glucagon 451^ 
.3iab 
4.69ab 
187b 
.27b 
.963 
4.20a 
.24a 
6.73b 
144a 
.20a 
1.05a 
8.14b 
.52C .03 
3.95a .45 
137a 9 
.03 .54c 
2.29b 
4.95a .59 
.13 
a»b,cleans with different superscripts in rows are significantly 
different (P<.05). 
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normal cows. The discrepancy between their study and my study may be 
the result of time of sampling in their study or the result of averaging 
GH concentration throughout the day in my study. 
Growth hormone concentration was influenced by feeding in all 
periods except the post-recovery period. (Fig. 3). Œ concentration 
usually peaked 2 to 4 hours after the morning feeding and returned to 
pre-feeding concentration by 1 to 2 hours before the afternoon feeding. 
The most dramatic increases in GH concentration after feeding were 
observed in the ketonemic and early lactation periods. Peak values 
after the afternoon feeding were not as great as after the morning 
feeding, which may be because of the number of hours from maximum feed 
intake (see earlier for more complete discussion). Trenkle (41), in his 
review, has discussed that GH secretion (based upon concentrations) 
largely is not altered by acute feeding but that GH concentration 
normally decreases shortly after feeding and then returns to pre-feeding 
concentration within a few hours. Hove and Blom (18) observed a 
decrease in GH concentration after feeding in underfed cows. Vasilatos 
and Wangsness (43) examined plasma for GH at 10 min intervals and did 
not show any variation due to feeding. Vasilatos and Wangness (43), 
however, did demonstrate the existence of episodic secretory patterns. 
The lesser frequency of sampling in our experiment did not allow for any 
definite conclusions regarding episodic release, but the post-feeding 
increases in early lactation and ketonemic periods suggest that any 
episodic pattern is overridden by mechanisms needed to provide the 
release of energy and gluconeogenic precursors from storage tissues 
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10am 4pm 11pm 5am 
TIME 
Figure 3. Diurnal variations of plasma growth hormone in œws 
during the dry period (# #), the early lactation 
period (€•••••#), a feed restriction induced ketonemia 
t and after a recovery period (•—•). (Open 
symbols represent a significant difference (P<.05) fron 
the 8 am sample. Arrows indicate time of feeding) 
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in a period of limited energy intake. The feeding responses of OH in 
early lactation and ketonemic periods were in almost direct opposition 
to the feeding responses of FFA. Hertelendy and Kipnis (17) have shown 
that inhibition of FFA release can stimulate GH secretion. In our 
study, feed intake, probably via energy availability, provided the 
stimulus to decrease FFA release, thereby removing the inhibition of GH 
secretion. 
Mean glucagon concentration (Table 5) was increased only during the 
early lactation period. This agrees with the increase in glucagon 
concentration observed in cows at the onset of lactation (24). No clear 
explanation is available to explain the decrease in glucagon 
concentration from the early lactation period to the ketonemic period, 
but a similar decrease was observed in cows diagnosed as spontaneously 
ketotic (7). Glucagon concentration also was decreased in sheep during 
fasting (11). Perhaps glucagon secretion is limited by inhibition from 
increased ketone body and(or) FFA concentrations (11) or perhaps 
glucagon synthesis in the pancreas is limited. Glucagon secretion may 
be responding to substrate availability, which would be decreased during 
feed restriction in the ketosis period. 
Glucagon concentration was not influenced by feeding in the early 
lactation and post-recovery periods (Fig. 4). In the dry period 
glucagon concentration, only the 3 am sample was increased significantly 
from the 8 am sample. Glucagon concentration in the dry period 
generally decreased after the 8 am feeding, then increased just before 
the 5 pm feeding. Glucagon concentration after the 5 pm feeding 
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Figure 4. Diurnal variations of plasma glucagon in cows during the 
dry period (# #), the early lactation period (#-"-#), 
a feed restriction induced ketonemia (A—-A) / and after 
a recovery period (•—•). (Open symbols represent a 
significant difference (P<.05) fran the 8 am sample. 
Arrows indicate time of feeding) 
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remained relatively constant until 12 pm when glucagon concentration 
increased for 4 hours before returning to pre-feeding concentration. 
This increase may have been the result of the cessation of feed intake. 
It was observed that between 11 pm and 3 am cows generally ate very 
little and in most cases were resting and(or) ruminating. Glucagon 
concentration in the ketonemic period demonstrated more consistent 
patterns associated with feeding. Glucagon concentration generally 
decreased 1 to 2 hours after feeding and began to increase 3 to 4 hours 
before feeding. 
Hormone ratios 
Mean molar ratios of insulin to GH, insulin to glucagon, and GH to 
glucagon are in Table 5. Molar ratios of insulin to GH decreased 
slightly into the early lactation period and even further, but not 
significantly, into the ketonemic period. This ratio increased to 
exceed dry period values during the post-recovery period. During energy 
deficit periods, i.e., early lactation and ketonemia, nost of the change 
in the ratio was due to the increase in GH concentration, but in the 
post-recovery period, the change was due primarily to the increase in 
insulin concentration. Rabinowitz et al. (30) stated that GH is a 
contra-insulin hormone and that the ratio of the two hormones is 
important in regulation of energy metabolism. Hart et al. (16) 
suggested that a decrease in insulin to GH ratio would increase fat 
mobilization and thereby, increase availability of energy precursors for 
milk synthesis. The values obtained in our experiment support that 
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hypothesis. In all periods, except the post-recovery period, insulin to 
GH ratio generally decreased after feeding and returned to pre-feeding 
value before the next feeding. In the post-recovery period, insulin to 
GH ratio generally increased after feeding to return later to the 
pre-feeding value. The difference between periods suggests a change in 
energy status of the cows; where the post-recovery period allowed for 
the most tissue deposition. 
Unger (42) was the first to suggest the importance of insulin to 
glucagon ratio in the homeostasis of glucose in non-ruminants, Bassett 
(6) later suggested that this ratio is important in the metabolism of 
ruminants. Because very little dietary carbohydrate is absorbed as 
glucose in ruminants, the insulin to glucagon ratio would not be as high 
as in non-ruminants (6). Insulin to glucagon ratio (Table 5) was, 
numerically but not significantly, decreased in the early lactation and 
ketonemic periods. Most changes in the ratio occurred as a result of 
decreases in insulin concentration, but also, in the early lactation 
period as a result of an increase in glucagon. The molar ratio of 
insulin to glucagon increased in the post-recovery period and was 
significantly higher than during other periods. Low insulin to glucagon 
ratios represent a dominance of glycogenolytic and gluconeogenic actions 
of glucagon whereas high insulin to glucagon ratios represent a 
dominance of glycogenesis and peripheral utilization of glucose and 
amino acids (6). The changes in body weight and in glucose, ACAC, BHBA, 
and FFA concentrations in the cows as they progress from late gestation 
to early lactation and into ketonemia, point to energy deficit 
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situations and the dominance of low insulin to glucagon ratios. Even 
within the ketonemic and post-recovery periods, there were changes in 
insulin to glucagon ratios associated with feeding. The ratio of 
insulin to glucagon generally increased after feeding for only 1 to 2 
hours in the ketonemic period but remained increased up to 5 hours after 
feeding in the post-recovery period. Feeding-induced increases in the 
insulin to glucagon ratio has been observed previously in meal-fed 
sheep (4). 
Mean GH to glucagon ratio (Table 5) was increased significantly 
only in the ketonemic period. This increase seemed to be due almost 
•entirely to changes in GH concentration. This statement is supported 
further by observing diurnal variations of the ratio. The change in the 
ratio paralleled the change in Œ concentration in response to feeding. 
Glucose infusion in the ketonemic period 
Responses of metabolites and hormones to the glucose injection and 
the resumption of ad libitum feeding at the end of the ketonemic period 
are shown in Fig. 5. Glucose concentration (Fig. 5A) averaged 175 mg/dl 
at 1 hour after the initiation of infusion and by 3 hours had returned 
to pre-infusion concentration. Insulin concentration (Fig. 5A) was 
increased at 1 hour post-initiation of infusion and paralleled that of 
glucose. Insulin concentration 3 to 6 hours post-infusion was 
numerically (2-fold increase) but not significantly higher than the 
pre-infusion concentration. Similar responses have been shown 
previously (7). ACAC and BHBA concentrations (Fig. 5B) were decreased 
to approximately one half of pre-infusion concentrations by 2 hours 
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after initiation of infusion. These decreases must have been caused by 
the glucose infusion because no feeding-related variations were observed 
during the ketonemic period. ACAC and BHBA concentrations began to 
increase at approximately 3 hours after infusion of glucose and were not 
significantly different from pre-infusxon concentrations at 6 hours 
post-infusion. The increase in ketone body concentrations at 3 hours 
post-infusion corresponds to the return of glucose to pre-infusion 
concentration. 
FFA and TAA concentrations (Fig. 5C) continued to decrease for the 
entire 6 hours after initiation of glucose infusion. The decreases 
seemed to parallel those caused by feeding but were more prolonged, 
probably because of the greater feed intake. Even with decreased FFA 
concentration, the tissues do not seem to be able to utilize all of the 
FFA as evidenced by the increased ketone body concentration that began 
after 3 hours. Mills (26) has demonstrated a decreased hepatic 
oxidation and synthesis of glucose in ketotic cows. The glucose 
infusion effects, which lasted only for 2 to 3 hours, did not seem to 
permanently correct any hepatic impairment and suggests that a more 
permanent effect must occur to correct the hepatic impairment. Possibly 
a shift in endocrine balance must occur for a prolonged period before 
the impairment can be corrected. 
GH concentrations (Fig. 5D) increased sharply after glucose 
infusion but had returned to pre-infusion concentration by 3 hours 
post-infusion. The sharp increase in GH probably resulted from removal 
of the inhibition provided by FFA (31). Why GH concentration decreased 
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after the initial increase, even while FFA concentration was decreasing, 
remains unclear. Perhaps the secretory capacity for (31 by the pituitary 
is limited and stores were depleted by the sudden release of GH, or 
perhaps secretion of GH is inhibited by increased ketone body 
concentration. Insulin to GH ratio was increased for the first 2 hours 
post-infusion and, although not significantly, was greater than the 
pre-infusion value. This increase may have decreased the amount of 
lipid mobilized frcan adipose tissue and, thereby, caused the decrease in 
FFA concentration. 
Glucagon concentration (Fig. 5D) was not affected significantly by 
glucose infusion but tended to decrease for the first 2 hours, have a 
rebound and overshoot at 3 hours, and then be followed by a slow rate of 
decrease for the next 3 hours. The insulin to glucagon ratio paralleled 
the pattern of insulin concentration and, as for the insulin to GH 
ratio, was numerically greater during the 3 to 6 hours post-infusion 
compared to the pre-infusion value. An improved endocrine status to 
limit mobilization of stored nutrients is suggested by these results. 
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GENERAL DISCUSSION 
The increased ketone body and FFA concentrations and the decreased 
glucose concentration are verification that a hyperketonemia can be 
induced in early lactation dairy cows by feed restriction. The decrease 
in insulin concentration and the increase in GH concentration as dairy 
cows advanced into lactation and then into ketonemia are consistent with 
the need for mobilization of lipid from adipose tissue to provide energy 
substrates for bodily functions and milk synthesis. 
Glucagon concentrations were increased in early lactation but the 
increase did not continue in the ketonemic period. This discontinued 
increase may have arisen as a result of an impaired synthesis of 
glucagon or an impaired secretion of glucagon. This impairment may 
cause a glucagon deficiency and may predispose cows in early lactation 
to ketosis. 
Significant diurnal variations were observed for some metabolites 
and hormones. FFA, TAA, and GH were affected most, especially in the 
early lactation and ketonemic periods. No one time in relation to 
feeding would be suitable for simultaneously measuring extremes of all 
metabolites and hormones. Care must be taken, therefore, to select 
sampling times most appropriate for individual metabolites or hormones 
to obtain the most consistent data. Physiological states of dairy cows 
influence responses of metabolites and hormones to feeding and should be 
considered also when choosing sampling times. 
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SECTION II. SECRETIŒ AND CLEARANCE RATES 
OF GLUCAGON IN DAIRY COWS 
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ABSTRACT 
Eight Holstein cows were sampled to examine plasma concentrations 
of hormones and metabolites. Sampling was for 13 hours continuously at 
about 2 weeks prepartum, at 3 weeks postpartum, during a ketonemia 
induced by feed restriction, and after a recovery period. All cows were 
fed ad libitum except for four cows induced into a ketonemia by 
restricting feed intake 50 %. Glucose and glucagon were injected 
intravenously in each period. Feed restriction caused plasma 
concentrations of growth hormone, acetoacetate, beta-hydroxybutyrate, 
and free fatty acids to increase and those of insulin and glucose to 
decrease. Half-life of glucose was greatest in the dry period. 
Distribution space and turnover rate were not different between periods. 
Pre-injection glucagon concentration was decreased in the ketonemic 
group and pool size was increased in the dry period. Metabolic 
clearance rate was decreased in the control group and secretion rate was 
decreased (P<.10) in the ketonemic group. Insulin and glucose 
concentrations were increased 1 to 2 minutes after injection of glucagon 
and remained increased for 25 minutes. FFA tended to increase at 2 
minutes and remain increased for 30 minutes after glucagon injection. 
Glucagon injection caused similar incremental increases in glucose 
concentration for all periods. The results suggest that cows have equal 
gluconeogenic capacity in all periods but that decreased secretion rates 
of glucagon limit glucose synthesis during ketonemia. A probable cause 
of lactation ketosis seems to be a functional glucagon deficiency. 
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INTRCOUCTION 
Glucagon dominates regulation of hepatic glucose metabolism, 
principally by accelerating hepatic glycogenolysis and gluconeogenesis 
to increase glucose output (2). Glucagon concentrations were increased 
from the dry period into early lactation (10,19) in normal cows but 
decreased in spontaneously ketotic cows (3). During a ketonemia induced 
by feed restriction, glucagon concentration decreased from an increased 
concentration in early lactation and returned to prepartum 
concentration (10). 
Glucagon concentrations are a function of secretion and clearance 
rates. At steady state, clearance equals secretion. Little is known 
about these rates in ruminants, especially in dairy cows. The main 
objective of our experiment was to use single injections of glucagon to 
determine metabolic clearance rates and secretion rates of glucagon in 
dairy cows during late gestation, in early lactation, during a ketonemia 
induced by feed restriction, and after a period of recovery. Another 
objective was to verify changes in metabolite and hormones 
concentrations observed in early lactation and during ketonemia in dairy 
cows (10). 
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MATERIALS AND METHODS 
Feeding and management 
Eight Holstein cows, beginning at least their second lactation, 
were housed in tie stalls and fed individually twice daily at 8 am and 
at 5 pm from about 4 weeks prepartum and continuing to 9 weeks 
postpartum. Feed intake was recorded daily. Alfalfa hay identical to 
that chopped and used later in the complete mixed diet, was offered ad 
libitum during the 4 weeks prepartum. At approximately 1 week 
prepartum, lead feeding of a complete mixed diet was initiated at 
increments of .5 kg per day from 2.0 kg to 5.0 kg. The diet 
subsequently was offered ad libitum for the first 3 weeks postpartum. 
Composition and chemical analysis of the feed is given in Table 1. 
Cows were paired according to calving date. One of each pair was 
selected randomly to be induced into a ketonemia and the other was 
allowed free access to the complete mixed diet during the entire 
postpartum interval. Ketonemia was induced in a manner similar to that 
of de Boer et al. (10), with one modification. Intake was restricted to 
75 % of the average daily feed intake of the previous week for a period 
of 4 days. Feed intake was restricted a further 5 % every day for 5 
days until it reached 50 % of ad libitum intake and then was held 
constant. Urine was monitored daily for measurable concentrations of 
ketone bodies by an on-farm test (Ketonate powder1) beginning on the 
first day of feed restriction. A cow was considered ketonemic when 
^Ketonate™ was from Labanco, Inc., Box 483 Addison, IL. 
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TABLE 1. Composition and chemical analysis of the complete mixed diet 
Ingredient 
Percent 
of total 
feed DM 
Dry 
matter of 
ingredient 
Crude 
protein of 
ingredient 
Estimated 
net energy 
(%) (%) (%DM) (Meal NEi/kg DM) 
Chopped alfalfa hay 27.0 89.0 16.8 1.25 
Corn silage 13.8 34.0 8.7 1.51 
Concentrate^ 54.6 90.0 19.7 1.62 
Soybean meal 4.6 88.9 48.9 1.85 
Total diet 100 73.2 18.7 1.52 
^he concentrate consisted of 60% cracked corn, 5% rolled oats, 32% 
soybean meal, .75% limestone, 1.25% dicalcium phosphate, and 1.0% trace 
mineralized salt. There were 6600 lU vitamin A and 3300 lU vitamin D 
per kg of concentrate. 
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her urine tested positively for the presence of ketone bodies on two 
consecutive days. When a cow was judged to be in a ketonemic state or 
had been on 50 % of ad libitum intake for 7 days, blood was sampled and 
the cows were given free access to the complete mixed diet for the next 
4 weeks. The remaining cows were allowed free access to the complete 
feed during the entire postpartum interval. 
Body weights were recorded every second or third day. Cows were 
milked at 2 am and at 2 pm and milk yield was recorded daily. Milk 
composition^ was determined on two consecutive miIkings weekly and on 
blood sampling days. 
Blood sampling 
On four sampling days, blood from each cow was sampled via jugular 
catheters every hour for 12 hours beginning at 7 am and continuing until 
7 pm. Catheters had been installed at least 10 hours prior to the first 
sample and were flushed with saline (.9 % NaCl) containing 5 lU 
heparin/ml. The 8 am and 5 pm samples were taken just before feeding. 
The first sampling day was at approximately 2 weeks prepartum (dry 
period). The second was at approximately 3 weeks postpartum (early 
lactation period) on the day just before initiation of feed restriction. 
The third (feed restriction period) was when feed-restricted cows were 
considered to be ketonemic or deemed to most closely approach a ketotic 
state, i.e., at approximately 5 weeks postpartum (ketonemic group). 
Zpat and protein were determined by the Milkoscan 300 procedure, 
Dairy Laboratory Services, Inc., Dubuque, lA. 
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The remaining cow of each pair also was sampled at this time (control 
group). The fourth sampling day was after a 4 week recovery period 
i.e., at approximately 9 weeks postpartum (post-recovery period). 
At the end of each sampling day, three 10 ml blood samples were 
taken at approximately 10 minute intervals between 7:10 pm and 7:30 pm. 
At 7:30 pn a bolus injection of 520 + 20 p.q (mean + SD) of bovine 
glucagon^ was given to each cow in each period. Glucagon powder had 
been weighed into 20 ml glass vials and stored frozen. When used, the 
glucagon was dissolved in .3 ml of .04 M HCl and further diluted with 6 
to 8 ml of saline. This solution was drawn into a 35 ml plastic 
syringe. The vial then was rinsed with two successive 6 to 8 ml volumes 
of saline and drawn into the 35 ml syringe. The resultant 20 to 25 ml 
solution was prepared 15 to 20 minutes before injection into the jugular 
catheter. The glucagon solution was injected in less than 15 seconds. 
The catheters then were flushed with 25 ml of saline. Samples of blood 
were taken at 1, 2, 3, 4, 6, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90, 
105, and 120 minutes after injection of glucagon. To limit cross 
contamination, 30 ml of blood were drawn through the catheter before the 
10 ml of blood was taken for the 1 minute post-injection sample. Five 
ml discard volumes, as for the hourly samples, were taken before the 
other 10 ml post-injection blood samples. Catheters were flushed with 
saline after each sample. 
^Bovine glucagon - Lot # 258-25J-120 - Generously supplied by 
Dr. M. A. Root, Eli Lilly and Canpany, Indianapolis, IN. 
104 
Beginning at 9:30 the next morning, three 8 ml blood samples were 
taken at 15 minute intervals until 10:00 am. To initiate a glucose 
tolerance test, 500 ml of 50 % dextrose^ then were injected within 4 to 
6 minutes by repeatedly filling and dispensing 50 ml volumes from 
plastic syringes. The catheter was flushed with 25 ml of saline and, as 
for glucagon, a 30 ml discard of blood was taken prior to the first 
sample. Samples of blood (8 ml) were taken at 10, 15, 20, 25, 30, 40, 
50, 60, 75, 90, 105, 120, 150, and 180 minutes after initiation of 
injection of dextrose. Catheters were flushed with saline after each 
sample. 
Analysis of plasma constituents 
All blood samples had 15 /j1 of 4 % NaF and 12 lU heparin added per 
ml when withdrawn. The 30 ml of blood taken for each hourly sample were 
centrifuged immediately at 4%. Three ml of plasma were deproteinized 
(31) and the protein-free filtrate was stored at 4°C. These filtrates 
were analyzed for acetoacetate (20) and beta-hydroxybutyrate (35) 
within 48 hours. The remaining plasma was portioned into small samples 
and stored at -20°C until analyzed for glucose^, total amino acids (22), 
free fatty acids (29), growth hormone (33), insulin (32) and 
glucagon (13). Plasma samples stored for glucagon assay contained 
^Dextrose monohydrate - 50 % w/v, was purchased from Bio-Ceuticals 
Laboratories Inc., St. Joseph, MI. 
^Glucostat was purchased from Worthington Biochemicals, Freehold, 
NJ. 
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500 lU of trasylol^/ml to inhibit degradation of glucagon. 
The 10 ml blood samples taken for glucagon kinetics were kept on 
ice until centrifuged at 4°C within 2 hours. Plasma was portioned into 
two samples; one sample was analyzed for glucose and FFA and the other 
was analyzed for glucagon and then insulin. The portions for glucagon 
contained trasylol (500 lU/ml). Plasma samples were diluted to maximize 
precision of the glucagon assay by taking readings from the middle 
portion of the standard curve. The blood samples obtained for the 
glucose tolerance tests were kept on ice for a maximum of 2 hours before 
being centrifuged at 4%. Plasma was diluted appropriately and assayed 
only for glucose. 
Analysis of glucagon kinetics 
Plasma concentrations of glucagon during kinetic studies were 
converted to a fraction of dose to ccmpensate for differences in dosage 
of glucagon. Disappearance curves for the 2 hours after injection for 
each cow in each period then were determined fran the least squares fit 
(27) of a two-component exponential function (34). 
Distribution space (DS), which is the volume in which the glucagon 
is dispersed, was calculated from the equation; 
DS = l/(Ai + A2); 
where A^ and A2 are fractional zero-time intercepts (34). Pool size, 
which is the quantity of glucagon in the cow (14), was the product of DS 
and basal glucagon concentrations (i.e., mean of glucagon concentration 
GpBA Pharmaceuticals, Mobay Chemical Corp., New York, NY. 
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before injection). Turnover rate (TR), which is the proportion of 
glucagon removed from the DS per unit time (14), was calculated from the 
equation; 
TR = Higi + 11292'' 
where % = A^/ (A^ + A2) » 
H2 = A2/(A]_ + A2), 
and 91, 92 are rate constants for components 1 and 2, respectively (30). 
Metabolic clearance rate (MCR), which is the volume of blood that 
glucagon is cleared from per unit time, was the product of DS and TR 
(14). Secretion rate (SR), which is the quantity of glucagon secreted 
into the DS per unit time, was the product of DS, TR, and basal 
concentration (14). Half-lives of the components of glucagon 
disappearance were calculated from the equation; 
Half-life = In 2/g. 
Analysis of glucose tolerances 
Intercepts, rate constants, and half-lives of glucose from glucose 
tolerance curves were calculated from the least squares regression of 
glucose concentration over the 10 to 60 minute period. Glucose 
concentration beyond 60 minutes did not follow a linear disappearance, 
nor did it fit a one or two-component exponential function. Half-life 
of glucose was calculated from the rate constant in a manner similar to 
that for glucagon. 
Statistical analysis 
The 13 hourly samples for all metabolite and hormone concentrations 
were averaged for each cow for each day. Period means were compared by 
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preplanned orthogonal canparisons (27). Within the post-recovery 
period, cows were grouped according to previous treatment, i.e., 
ketonemic vs. control group in the restriction period, and means of 
metabolites and hormones were compared. No differences were found so 
all data were combined for analysis in the post-recovery period. To 
examine the data for each period for any variations caused by feeding, 
sample means were ccatipared to 8 am sample means using appropriate 
orthogonal comparisons (27). 
Parameters of glucagon and glucose kinetic analyses were averaged 
within period, and period means were ccxnpared using orthogonal 
comparisons (27). Mean responses of insulin, glucose, and FFA to 
glucagon injection and glucose to glucose injection were compared to 
mean pre-injection concentrations within period and also across periods 
within time intervals using single degree of freedati comparisons (27). 
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RESULTS AND DISCUSSION 
The erapiiafjis of this research was on glucagon kinetics in dairy 
cows during late gestation, during early lactation, during ketonemia, 
and after a recovery period. Data for body weights, feed intakes, and 
milk yields are presented first, followed by metabolite and hormone 
data. Metabolite and hormone data are discussed in relation to their 
similarity to data presented by de Boer et al. (10). Glucagon kinetic 
data then are presented and discussed. 
One cow of the control group had to be removed fron the experiment 
six days postpartum, because of her failure to respond positively after 
surgery to correct a left displaced abonasum. Data already collected 
from this cow were not used. The data fron all 7 cows remaining were 
combined in the dry, early lactation, and post-recovery periods. In the 
feed restriction period, four of the cows catiprised the ketonemic group 
and the other three cows comprised the control group. 
Feed intake, body weight, milk yield, and milk composition 
Mean intakes of dry matter, estimated net energy, and protein and 
estimated requirements for energy and protein (21) are given in Table 2, 
Dry matter intakes of all cows were increased significantly from the dry 
period to early lactation and significantly increased above early 
lactation intakes in the post-recovery period. Feed restriction caused 
dry matter intakes to be less than during the dry period for the 
ketonemic group. The cows in the control group had dry matter intakes 
equal to the mean intake of all cows in the post-recovery period. 
Energy and protein intakes paralleled those of dry matter. All cows 
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TABLE 2. Mean dry matter, estimated net energy, and crude protein 
intakes and estimated net energy and crude protein 
requirements in dairy cows during gestation and lactation 
Dry 
Period 
Feed restriction 
Early Ketonemic Control Post-
lactation group group recovery SE 
Intake: 
Dry matter 
(kg) 11.9b 14.3c 
Net energy 
(Meal NEi) 14.8b 21.7^ 
Crude protein 
(kg) 1.99b 2.68C 
Estimated requirement: 
Net energy 
(Meal NEi) 13.4 28.3 
Crude protein 
(kg) .98 2.77 
6.5a 18.gd 18.9d 2.3 
9.9a 28.7d 28.8^ 3.8 
1.21a 3.53d 3.54d .45 
23.9 
2.30 
29.6 
2.91 
28.2 
2.69 
a,b,c,d]yieans with different superscripts in rows are significantly 
different (P<.05). 
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were deficient in energy and protein during early lactation. The 
ketonemic cows were even more deficient in the feed-restriction period. 
Cows in the dry period and in the post-recovery period had intakes 
greater than requirements for energy and protein. Cows in the control 
group during the feed-restriction period were marginally deficient in 
energy intake only. The patterns in intakes were similar to those 
observed by de Boer et al. (10), but intake in the ketonemic group was 
less than during the dry period in this experiment rather than equal as 
in the previous experiment (10). Post-recovery intakes were not 
increased in the previous experiment but in this experiment, they were 
increased above early lactation intakes. The difference is hard to 
explain because conditions relating to heat and humidity were almost 
identical during both experiments. 
Body weights (Table 3) decreased fran the dry period to the early 
lactation period and remained unchanged for the remainder of the 
experiment except for the ketonemic cows during feed restriction which 
lost body weight. Milk yield decreased for the ketonemic group from the 
early lactation period but returned to early lactation amounts during 
the post-recovery period. Control cows maintained milk yield. Effects 
of feed restriction on post-recovery milk yield were not detectable in 
this experiment, which is in contrast to a previous experiment (10), 
where milk yield failed to return to pre-restriction amounts. The 
difference between the two experiments can not be explained by dry 
matter or energy intakes because these were similar for both 
experiments. Cows in the previous experiment had been on restricted 
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TABLE 3. Mean body weight, milk yield, and milk composition for 
experimental cows 
Period 
Dry 
Feed restriction 
Early Ketonemic Control Post-
lactation group group recovery SE 
Body weight 
(kg) 
Milk yield 
(kg/day) 
656C 558b 502a 570b 558b 
30.Ob 24.2a 31.6b 29.Ob 
25 
1.6 
Milk composition; 
Fat {%) 
Protein {%) 
2.94 
2.80 
3.09 
2.67 
3.00 
2.63 
3.22 
2.86 
.06 
.05 
a,b,queans with different superscripts in rows are significantly 
different (P<.05). 
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feed intake longer (3 vs. 2 weeks) than cows in this study. The 
additional week on feed restriction may have caused a permanent decrease 
in milk yield. Milk composition was unaffected by stage of lactation or 
by feed restriction as had been shown previously (10). 
Metabolites 
Mean concentrations in plasma of acetoacetate (ACAC), 
beta-hydroxybutyrate (BHBA), glucose, free fatty acids (FFA), and total 
amino acids (TAA) are in Table 4. These are averages of mean daily 
concentrations for cows by period, calculated by using the 13 hourly 
samples. Mean ACAC and BHBA concentrations increased only in the 
ketonemic group. Variations caused by feeding for ACAC (Ag%)endix 
Fig. A5) and BHBA (Appendix Fig. A6) were not consistent between periods 
and were different from those shown previously (10). ACAC concentration 
was increased at 6 hours after the 8 am feeding and remained elevated 
for the rest of the samples in the dry period. No consistent variations 
in ACAC concentration were evident in any of the other periods. BHBA 
concentration was increased 1 to 2 hours after both the 8 am and 5 pm 
feedings in the control group, and early lactation and post-recovery 
periods. BHBA concentration remained elevated for 4 to 7 hours after 
the 8 am feeding. 
Plasma glucose concentration (Table 4) decreased significantly frcan 
the dry period only for the ketonemic group. The cows in the control 
group and in the post-recovery period had glucose concentrations 
intermediate to those of the dry and early lactation periods vs. those 
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TABLE 4. Mean plasma metabolite concentrations in dairy cows during 
gestation and lactation 
Period 
Feed restriction 
Early Ketonemic Control Post-
Metabolite Dry lactation group group recovery SE 
Acetoacetate 
(mg/dl) .423 .55a 2.28% .35a .48^ .18 
Beta-hydroxybutyrate 
(mg/dl) 4.54a 3.7oa 9.64b 4.15a 4.67a .55 
Glucose 
(mg/dl) 66.2b 65.5b 53.5a 57.0ab 63.3ab 2.0 
Free fatty acids 
(mmol/1) .28bc .isab .41c .isab .ua .02 
Total amino acids 
(mmol/1) 1.84ab i.gia l.giab l.94ab 1.97b .04 
a,b,cleans with different superscripts in rows are significantly 
different (P<.05). 
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of the ketonemic group. In contrast to the previous experiment (10), 
glucose concentrations were decreased significantly 2 to 4 hours after 
the 8 am feeding in the ketonemic group, control group, and 
post-recovery period (Appendix Fig. A7). No variations occurred in the 
early lactation period. A transient increase in glucose concentration 
was observed after the 8 am feeding in the dry period. The changes in 
glucose concentration were not great and probably do not reflect a major 
shift in postprandial metabolism. 
Using the criteria of Schultz (28), cows, in general, can be 
considered ketotic if blood glucose concentration was less than 40 mg/dl 
(equal to approximately 53 mg/dl of plasma) and total ketone body 
concentration was greater than 10 mg/dl. Using these criteria, cows of 
the ketonemic group could be considered marginally ketotic. As in a 
previous experiment (10), no visual signs of ketosis were apparent in 
the ketonemic cows. 
Mean EFA concentration (Table 4) was highest in the ketonemic 
group, lowest in the post-recovery period, and intermediate in the dry 
and early lactation periods and control group. FFA concentration was 
lower in all periods, except for the ketonemic group, in relation to FFA 
concentration reported previously (10). FFA concentrations generally 
increase 1 to 2 weeks prepartum, even in cows fed 100% of energy and 
protein requirements (26). The intermediate concentrations of FFA in 
the dry period of the present experiment demonstrate a similar response. 
The lower FFA concentrations seen in this experiment during the early 
lactation period, control group, and post-recovery period in relation to 
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a previous experiment (10) may have been the result of higher glucose 
concentrations of the present experiment. Diurnal patterns associated 
with feeding (Appendix Fig. A8) were similar to those previously 
reported (10). Decreases in FFA concentration after feeding in the 
present experiment were observed in all periods except during the 
post-recovery period. FFA concentrations usually were highest just 
before feeding and lowest 4 to 6 hours after feeding. Ranges in FFA 
concentration were not as great as previously reported (10) except for 
the ketonemic group where ranges were almost identical. 
Mean TAA concentrations (Table 4) were highest in the post-recovery 
period, lowest in the early lactation period, and intermediate in the 
other periods. Feeding variations in TAA concentrations (Ajpendix 
Fig. A9) were almost identical to those reported previously (10). TAA 
concentrations generally decreased to a nadir 3 to 6 hours after feeding 
in the early lactation period and ketonemic group, but had no consistent 
patterns in any other period. 
Insulin, growth hormone, and glucagon 
Mean plasma concentrations of insulin, Œ, and glucagon are in 
Table 5. Insulin concentrations were lowest in the ketonemic group, 
highest in the early lactation and post-recovery periods, and 
intermediate in the dry period and control group. The relative changes 
between periods were similar to those observed by de Boer et al. (10) 
with the exception of greater insulin concentration in early lactation. 
Greater insulin concentration was not expected at this stage of 
lactation but is consistent with concentrations of glucose, ketone 
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TABLE 5. Mean plasma concentrations of insulin, growth hormone, and 
glucagon and molar ratios of the hormones 
Period 
Hormone 
Feed restriction 
Early Ketonemic Control Post-
Dry lactation group group recovery SE 
Insulin 
(ng/ral) 
Growth hormone 
(ng/ml) 
Glucagon 
(pg/ml) 
Molar Ratios 
Insulin to 
growth hormone 
Insulin to 
glucagon 
.45ab .66b .32a 
3.87a 5.49a 8.46b 3.6ia 
\09 115 101 118 
.48ab .67b 
4.08a 
111 
.49ab .62ab .283 
2.55 3.71 2.44 
.5iab .84b 
2.60 
Growth hormone to 
glucagon 6.47a 8.80a 14.72b 5.22a 6.43a 
.06 
.53 
.09 
3.71 .35 
.99 
a,t^eans with different superscripts in rows are significantly 
different (P<.05). 
117 
bodies, FF A, and TM. Insulin concentrations were not affected by 
feeding (Appendix Fig. AlO) in the control group. Concentrations of 
insulin generally were increased 1 to 2 hours after feeding in the other 
periods and increases usually were maintained for 1 to 2 hours. The 
increases after feeding are consistent with previous data (10,16). 
Mean concentration of GH was increased significantly only in the 
ketonemic group. This is consistent with previous results (10). Œ 
concentration was not influenced by feeding, except for the ketonemic 
group, where GH concentration reached a peak at 2 hours after the 8 am 
feeding and was increasing at 2 hours after the 5 pm feeding (Appendix 
Fig. All). The pattern was similar in the early lactation period but 
did not attain significance. These data, however, support the findings 
of de Boer et al. (10) for increases in GH concentration after feeding. 
Mean glucagon concentration (Table 5) was not affected 
significantly by stage of lactation or by feed restriction. There was a 
tendency for glucagon concentration to increase in the early lactation 
period and control group, which is consistent with an increase observed 
at the onset of lactation (10,19). Glucagon concentration tended to 
decrease in the ketonemic group, which is consistent with a decrease 
observed during feed restriction (10) and in spontaneously ketotic cows 
(3). Glucagon concentration was generally lower than in the previous 
study (10) and may be a result of higher glucose concentrations. 
Glucagon concentration was not influenced by feeding (Appendix Fig. A12) 
during any period, although the 7 am concentration was greater than the 
8 am concentration in the ketonemic group and post-recovery period, and 
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the 7 pm concentration was greater than the 8 am concentration in the 
dry period. 
Hormone ratios 
Mean molar ratios of insulin to GH, insulin to glucagon, and ffl to 
glucagon also are in Table 5. Mean insulin to GH ratio was lowest in 
the ketonemic group; intermediate in the dry period, early lactation 
period, and control group; and highest in the post-recovery period. 
Changes in the ratio were the result of changes in both insulin and GH 
concentrations. The pattern of the ratio during various periods 
parallels that reported previously (10). 
Insulin to glucagon ratios were not affected by period. There was 
a trend for the ratio to increase in the post-recovery period from the 
feed-restriction period. In general, insulin to glucagon ratios were 
greater than previously reported (10), which was caused by both greater 
insulin and lower glucagon concentrations. 
Mean GH to glucagon ratio was increased only in the ketonemic group 
and was due almost entirely to the large increase in 03 concentration. 
Similar changes in GH to glucagon ratios have been observed previously 
(10). Feeding variations in all hormone ratios were inconsistent and 
seemed to parallel changes in insulin or GH concentrations. 
Parameters of glucagon kinetics 
Data obtained from 1 and 2 minute samples taken after injection of 
glucagon were omitted fron the non-linear regression analysis (27) 
because concentrations of glucagon were much greater than in the 3 
minute sample. Cross contamination and incomplete mixing of injected 
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glucagon within the first 2 minutes may have caused the greater 
concentration. The 520 + 20 )iq doses of glucagon increased glucagon 
from basal concentrations of approximately 100 pg per ml to 8,000 to 
10,000 pg per ml at 3 minutes after injection. A representative 
disappearance curve for glucagon is in Fig. 1. 
The normalized results obtained after glucagon injection 
demonstrated two-ccanponent exponential functions. Brockman (7) 
previously has demonstrated that disappearance of glucagon after 
termination of glucagon infusion fits a two-ccsnponent exponential 
function. Parameters of the two-component exponential equations are in 
Table 6. The only parameter to be affected significantly by period was 
A]^ (the zero-time intercept of the first component). The value of Aj 
was significantly less in the dry period than in the early lactation 
period, control group, and post-recovery period. The value for A^ in 
the ketonemic group was intermediate. 
The time constants (g^ and g2) were not different between periods 
(Table 6). Means of half lives of glucagon calculated from the fast and 
slow components are also in Table 6. The overall means for half lives 
of glucagon for the fast and slow components were 4.97 + .24 and 110 + 
30 minutes, respectively. These values are greater than the half-life 
values for fast (2.43 minutes) and slow (23 minutes) components for 
glucagon in sheep (7). The normalized intercepts (% and H2) were not 
affected by period (Table 6). 
Mean values for pre-injection (basal) concentration, pool size, 
distribution space (DS), turnover rate (TR), metabolic clearance 
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Figure 1. Plasma glucagon disappearance curve after intravenous 
injection of glucagon in a cow. (Data points represent 
observed values. The equation for the line of best fit 
is: 
Glucagon = .0000319er'1435t + ,00000238e~*01^2t , 
Dose was 515 pg of glucagon) 
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TABLE 6. Parameters of the two-component exponential equations for 
removal of plasma glucagon from dairy cows after a single 
injection of bovine glucagon 
Period 
Feed restriction 
Early Ketonemic Control Post-
Parameter Dry lactation group group recovery SE 
Ai (ml-l)a .194b .238C .233bc .262C .236C .010 
gi (min~l) .142 .165 .130 .136 .162 .009 
Hi .934 .924 .920 .901 .892 .011 
À2 (ml-l)a .015 .020 .020 .029 .027 .001 
g2 (min~l) .013 .012 .010 .013 .013 .002 
H2 .066 .076 .080 .099 .108 .011 
to.5 (min) 
Fast 5.07 4.93 5.52 5.09 4.53 .24 
Slow 157 134 135 56 49 30 
^Zero-time intercepts for the first and second components in this 
table are 10,000 times greater than the actual value, i.e. X 10,000 
equals the value in the table, eg. .0000194 X 10,000 = .194. 
b/CMeans with different superscripts in rows are significantly 
different (P<.05). 
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rate (MCR), and secretion rate (SR) for glucagon are in Table 7. Basal 
glucagon concentration over the 20 minutes pre-injection was lowest for 
the ketonemic group; intermediate for the dry period, early lactation 
period, and control group, and highest for the post-recovery period. 
Pool size of glucagon also was lowest in the ketonemic group but highest 
in the dry period. Pool size of glucagon in the other periods was not 
significantly different from the ketonemic group. The greater pool size 
in the dry period seems to be primarily a function of body weight, 
because DS expressed as liters per 100 kg body weight was not different 
between periods. Values of DS are comparable to those of insulin and GH 
in dairy cows (14). Pool size and DS for glucagon have not been 
determined previously in ruminant animals. 
No significant differences were observed between periods for TR 
(Table 7). When TR of glucagon was compared to those of insulin and Gi 
in dairy cows (14), TR of glucagon was two to five times greater. 
Brockman (7) has shown that the fractional removal of glucagon fron 
plasma is constant over a wide range of concentrations, including those 
in excess of physiological concentration, therefore differences in peak 
glucagon concentration resulting from differences in dosage of glucagon 
per unit of body weight should not have affected MCR. MCR (Table 7) was 
lowest in the control group, highest in the early lactation period, and 
intermediate elsewhere. MCR of glucagon was approximately 25 times 
greater than those of GH and insulin in dairy cows (14) and 1.5 to 2 
times greater than MCR rates of glucagon (30 liters/(hour X lOOKg)) in 
sheep (7). 
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TABLE 7. Basal concentration, pool size, distribution space, turnover 
rate, metabolic clearance rate, and secretion rate of glucagon 
in dairy cows during late gestation and early lactation 
Period 
Feed restriction 
Early Ketonemic Control Post-
Parameter Dry lactation group group recovery SE 
Basal Concentration 
(pg/ml) 
Pool Size 
(pg) 
Distribution space 
(liters/100 kg) 
Turnover rate 
(min~l) 
llgab losab 86^ 
5.8b 4.3a 3.5a 
7 . 4  7.4 8.2 
Secretion rate 
(pg/(hourX100 kg)) 
lOSab 
3.7ab 
6.3 
.1335 .1518 .1204 .1242 
Metabolic clearance rate 
(liters/(hourXlOO kg)) 58.3ab 63.3b 57.iab 46.4^ 
6.76d 6.45cd 4.97^ 5.03Cd 
120b 6 
4.5ab .3 
6.9 .3 
.1444 .0077 
59.4ab 2.5 
6.93d .3 
^'!%eans with different superscripts in rows are significantly 
different (P<.05). 
C'%eans with different superscripts in rows are significantly 
different (P<.10). 
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The secretion of glucagon per hour in all periods was greater than 
the total amount of glucagon in the cow. This secretion reflects the 
rapid TR. SR of glucagon compare favorably, œ an equal body weight 
basis, to SR of glucagon in sheep (3.4 pg/hour) as calculated from MCR 
(7) or (5.5 to 7.3 pg/hour) from venoarterial concentration differences 
and plasma flow (8,23). SR (Table 7) of glucagon was lowest (P<.10) in 
the ketonemic group, highest in the dry and post-recovery periods, and 
intermediate in the early lactation period and control group. The 
decrease in glucagon SR in the ketonemic group may be a function of 
inhibition of glucagon secretion by a hormone or metabolite. 
Somatostatin, which inhibits glucagon, insulin, and GH secretion (6), 
may be increased in response to the increased Œ concentration in the 
ketonemic group. Glucagon concentration is decreased during fasting and 
is associated with an increased FFA concentration (9), therefore FFA may 
be inhibiting glucagon secretion in the ketonemic group. The low SR of 
glucagon in the control group is the result of the decreased MCR. 
Insulin, glucose, and FFA responses to glucagon injection 
The responses of insulin to glucagon injection in each of the 
periods are in Table 8. In all periods, insulin concentration was 
doubled at 1 minute after injection of glucagon but the increase was 
significant only in the dry and early lactation periods. Increases in 
insulin concentration after glucagon injection in the ketonemic and 
control groups, and in the post-recovery period were significant 
beginning at 6, 4, and 3 minutes, respectively. Insulin concentration 
was increased significantly until 25 to 30 minutes after injection, when 
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TABLE 8. Mean insulin concentration in dairy cows during various 
physiological states after glucagon injection 
Period 
Time after Feed restriction 
Injection 
(min) Dry 
Early 
lactation 
Ketoneraic Control 
group group 
Post-
Recovery SE 
— 
-20 .62bc 1.04d .27b .6lbc .79cd .08 
-10 .SSbc 1.06d .23b .5lbc .77Cd .09 
0 .Gibe 1.02d .24b .54bc .83cd .08 
1 1.44abc 2.09ac .57b 1.3lbc 2.02c .17 
2 l.SOabc 2.26ac .73b l.Slbc 1.90C .18 
3 1.42abc 2.68ac .78b i.iebc 2.04ac .21 
4 l.SSabc 3.15ac 1.13b 1.99abc 2.65ac .20 
6 3.19ac 4.48ac 1.78ab 2.85ac 3.98ac .29 
10 3.3iabc 5.34ac 2.34ab 3.43abc 4.70ac .37 
15 3.02ab 5.32ac 2.45ab 2.96abc 4.67ac .43 
20 2.45abc 4.64ac 1.73ab 2.53abc 4.14ac .41 
25 1.75ab 3.73ac 1.20ab 1.97abc 3.463= .34 
30 1.42ab 2.7iac .94b i.eeabc 2.63ac .25 
40 .92bc 1.69d .52b 1.3icd 1.70d .15 
50 .67bc l.GQCd .33b .88bcd 1.22d .11 
60 .52C .75C .22b .63C .68C .06 
75 .50C .55C .21b .57c 
CO 
.06 
90 .44bc .63C .18b .34bc .61C .06 
105 .4lbc .66C .14b .29bc .54c .07 
120 .39bc .68C .19b .37bc .5ic .06 
%eans in columns with superscript are different from time = 0 
means {P<.05). 
b,c,dMeans with different superscripts in rows are significantly 
different (P<.05). 
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concentration of insulin was similar to the pre-injection concentration. 
Increases, both significant and non-significant, in insulin 
concentration were rapid and occurred before increases in glucose 
concentration (Table 9). The stimulatory effect of glucagon injections 
on insulin secretion independent of glucose concentration has been 
demonstrated previously in sheep (12). The significance of this 
stimulation is not understood. The sensitivity to glucagon of the beta 
cells of the islets of Langerhans in the pancreas may serve as a 
mechanism to limit the increase in glucose concentration caused by 
increased gluconeogenesis and glycogenolysis. 
Insulin concentration was lowest in the ketonemic group at all 
times after injecting glucagon. The concentration of insulin was 
highest during the early lactation and post-recovery periods, and 
intermediate during the dry period and control group for most times 
after injection. Insulin concentration was usually maximal at 10 to 15 
minutes post-injection for all periods. The increase in insulin 
concentration ranged frcm approximately five-fold in the dry, early 
lactation, and post-recovery periods, and control group to approximately 
ten-fold in the ketonemic group. Hove (15) demonstrated a decreased 
responsiveness of insulin to glucose infusion in ketotic cows when 
compared to normal cows and suggested that the pancreas had a low 
secretory capacity for insulin because of the prolonged hypoglycemia 
accompaning ketosis. When insulin concentrations (Table 8) in this 
experiment are examined across periods at equal glucose concentrations 
(Table 9), there seemed to be no major differences between periods. 
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This lack of a difference suggests that insulin secretion in response to 
an increase in glucose is similar in all physiological states. The 
lower insulin response to glucagon injection in the ketonemic group is 
due to the lower increase in glucose concentration in that period. The 
response to the increased glucose in the ketonemic group is adequate for 
normal metabolism and agrees with previous research (3). 
The responses of glucose to glucagon injections (Table 9) exhibited 
similar patterns to those of insulin. Glucose concentration was not 
increased until 2 minutes after injection and this increase was 
significant in all periods except the control group, which required 
3 minutes after injection to show a significant increase in glucose 
concentration. Glucose concentration was increased significantly above 
pre-injection concentration for 30 to 40 minutes after injection of 
glucagon in all periods. The increase in glucose after glucagon 
injection occurred more rapidly (2 vs. 5 minutes) and disappeared more 
quickly (40 vs. 70 minutes) in this experiment than previously shown in 
sheep (12). The difference may reflect differences in species but more 
likely reflects the differences in dosage of glucagon (1 jug/kg vs. 14 
pg/kg) used in this experiment to that used in the previous experiment 
(12). Glucose concentration was maximal 10 to 15 minutes post-injection 
in all periods in this experiment suggesting that the mechanisms to 
increase glucose concentration require at least 10 minutes to achieve 
maximum capacity. Such a rapid response suggests that an increase in 
enzyme activity is more likely than an increase in enzyme synthesis. 
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TABLE 9. Mean glucose concentration in dairy cows during various 
physiological states after glucagon injection 
Period 
Time after 
Injection 
(min) Dry 
Early 
lactation 
Feed restriction 
Ketonemic Control 
group group 
Post-
recovery SE] 
• (mg/dl) — 
-20 64.6C 65.8C 52.7b 57.2c 61.7c 2.0 
-10 65.4C 63.6C 51.3b 57.0c 63.8C 1.8 
0 64.5C 64.2C 51.6b 58. ic 64. QC 1.9 
1 65.OC 63.5c 50.6b 57.5bc 63. BC 1.8 
2 74.0ac 74.6ac 59.4ab 67.9bc 71.sac 1.6 
3 82.9ac 84.6ac 69.7ab 72.0abc 79.9ac 1.8 
4 89.sac 89.7ac 75.8ab 86.3abc 89.0ac 1.8 
6 96.0ac 98.9ac 81.6ab 95.0abc 98.3ac 2.0 
10 103.lac 109.lac 88.sab 104.7abc 104.eac 2.4 
15 98.8abc 107.gac 89.iab 107.7abc loe.oabc 2.6 
20 92.5abc 100.3ac 82.2ab 99.2abc 99.2ac 2.5 
25 88.2a 91.9a 77.4a 91.8a 92.9a 2.3 
30 82.4a 83.9a 73.5a 84. la 86.1a 2.0 
40 72.9a 70.9 63.9a 75.4a 74.6a 2.0 
50 67.7 60.2 57.1 68.0 66.1 2.2 
60 65.3 57.4 52.4 62.7 60.5 2.2 
75 63.2 57.7 53.9 59.5 59.9 1.8 
90 63.5 60.6 53.4 58.1 62.0 1.8 
105 63.4c 64.2C 52.7b 59.4bc 64.4c 1.7 
120 62.8bc 66.9c 55.3b 59.2bc 65.4c 1.8 
%eans in columns with superscript are different from time = 0 
means (P<.05). 
bfCfîeans with different superscripts in rows are significantly 
different (P<.05). 
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Glucose concentration was lowest in the ketonemic group for all 
time intervals up to 20 minutes post-inject ion. For the most part, 
glucose concentrations in the other periods were equal and were greater 
than in the ketonemic group during the same time interval. 
Concentration of glucose was equal across all periods from 25 to 90 
minutes post-injection of glucagon. Glucose concentration at 105 and 
120 minutes post-injection was similar to pre-injection concentration 
and was lower in the ketonemic group. The magnitude of response 
(1.7 fold) in glucose concentration after glucagon injection was similar 
across all periods. Covariance analysis (Appendix Table A5) using 
glucose concentration at time = 0 as covariate demonstrated that 
glucagon injection caused equal increases in glucose concentration 
during all periods. Glucagon is capable, therefore, of stimulating 
gluconeogenesis and glycogenolysis equally in all physiological states 
of dairy cows. The decreased basal glucose concentration in the 
ketonemic group corresponds to the decreased basal glucagon 
concentration. The lower basal glucagon concentration in the ketonemic 
group, echoes the postulation of others (3,4,10), that ketosis may be 
the result of a glucagon deficiency, caused by decreased secretion of 
glucagon. 
Free fatty acid concentration was not determined for all the 
samples taken in association with glucagon injections. Samples analyzed 
included -10, 0, 2, 6, 10, 15, 20, 30, 60, 90, 120 minutes after 
injection. Variability in responses of individual cows to the exogenous 
glucagon limited the degree of significance. In all periods, FFA 
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concentration (Table 10) was increased at 2 minutes after injection of 
glucagon, but the increase was significant only in the dry and early 
lactation periods. FFA concentration, in most instances, peaked within 
15 minutes after injection and had returned to pre-injection 
concentration by 50 minutes after injection. There was a tendency for 
FFA concentration to be lower at 60 minutes after injection of glucagon 
than before injection. This tendency for a lower FFA concentration was 
followed by a non-significant increase at 90 minutes and a further 
non-significant increase at 120 minutes after injection. This apparent 
biphasic response of FFA concentration to glucagon is similar to that 
observed in sheep during glucagon infusion (1). The biphasic response 
seems to be caused by the antilipolytic effect of increased insulin and 
glucose concentrations. Glucagon can stimulate lipolysis but the 
effects are readily suppressed by insulin (5). The significant 
increases in FFA concentration at 90 and 120 minutes in the ketonemic 
group and the increase at 120 minutes in the early lactation period 
reflect a response to feeding. 
There were no consistent period effects for FFA concentration after 
glucagon injection. FFA concentration in the control cows in the feed 
restriction period and all cows in the post-recovery seemed to increase 
more slowly than in the other periods. This may reflect the greater 
energy intake in later lactation relative to energy requirement. 
Glucose tolerance 
Means of glucose concentration for times after glucose injection 
during each period are in Table 11. Pre-injection concentration of 
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Table 10. Mean plasma free fatty acid concentration in cows during 
various physiological states after glucagon injection 
Period 
Time after Feed restriction 
injection Early Ketonemic Control Post-
(min) Dry lactation group group recovery SE 
-10 .198 .100 .212 .081 .113 .027 
0 .177 .094 .180 .072 .082 .024 
2 .25230 .leiabc .255bc .09lb .107b .035 
6 .230 .2083 .251 .094 .098 .033 
10 .242 .2123 .265 .131 .130 .028 
15 .2523 .2093 .251 .2133 .139 .020 
20 .217 .1733 .245 .1783 .134 .019 
30 .2583 .2163 .183 .111 .2173 .025 
60 .128 .146 .224 .068 .060 .030 
90 .158 .131 .3053 .072 .080 .042 
120 .202 .2293 .3913 .098 .134 .051 
%eans in columns with superscript are different from time = 0 
means (P<.05). 
b,cleans with different superscripts in rows are significantly 
different (P<.05). 
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glucose was decreased significantly during the ketonemic group in 
relation to all other periods. At 10 and 20 minutes after initiation of 
glucose injection, glucose concentration was not different between 
periods. Zero-time intercepts (Table 12) of glucose were not different 
between periods and this compares with similar glucose concentrations at 
10 minutes post-injection. Glucose concentration remained increased 
above pre-injection concentration for 75 to 105 minutes post-injection. 
From 25 to 150 minutes post-injection, glucose concentration at each 
time was highest in the dry period, intermediate in the ketonemic group, 
and lowest in the early lactation period, control group, and 
post-recovery period. This difference in glucose concentration can be 
explained by differences in disappearance rate of glucose. 
The disappearance rate of glucose (Table 12) was lowest in the dry 
period, intermediate in the ketonemic and control groups and highest in 
the early lactation and post-recovery periods. The difference in 
disappearance rate is reflected also in the half-life of glucose, with 
the half-life showing an inverse relationship to disappearance rate. 
The increased disappearance rate and decreased half-life in the 
postpartum interval reflect the increased use of glucose for lactose 
synthesis in the mammary gland. Evans et al. (11) showed a slight but 
non-significant increase in half-life of glucose in cows fed 
high-roughage diets in canparison to cows fed low-roughage diets. Reid 
(25) showed large increases in glucose half-life when sheep were fed 
wheat straw in comparison to sheep fed a cracked-corn, alfalfa diet. 
Half-life of glucose was greater in the dry period in this experiment 
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TABLE 11. Mean glucose concentration in plasma after glucose injection 
in dairy cows during various physiological states 
Period 
Time after Feed restriction 
injection Early Ketonemic Control Post -
(min) Dry lactation group group recovery 9E 
(mg/dl) 
-30 66.ic 63.42 49.3b 59.72 63.92 1.6 
-15 65.gc 63.12 50.3b 59.72 64.52 1.4 
0 66.5c 63.12 49.9b 59.72 64.92 1.5 
10 326.5a 308.83 319.23 298.13 315.53 3.8 
15 265.332 257.73bc 259.53bc 241.43b 254.03bc 2.5 
20 228.9a 220.73 227.03 212.83 220.53 2.7 
25 206.732 192.83b 197.iabc 185.53b 191.33b 2.6 
30 186.232 167.33b 173.23bc 160.83b 172.43bc 3.2 
40 157.732 132.23b 141.iabc 129.23b 132.53b 4.0 
50 135.632 106.13b 117.73bc 108.83b 112.33b 4.3 
60 124.23C 90.93b 105.83bc 94.23b 94.83b 4.5 
75 106.532 74.13b 87.53bc 78.43b 78.83b 4.2 
90 95.93c 66.7b 76.33bc 66.2b 70.8b 3.6 
105 86.532 64.2b 68.9b 61.4b 65.4b 2.8 
120 80.12 64. Ob 60.4b 59.8b 64.7b 2.3 
150 71.32 62.8b 55.6b 57.4b 61.4b 1.7 
180 70.Od 65.42 56.3b 56.7bc 63.12 1.7 
®Means in columns with superscript are different from time = 0 
means (P<.05). 
b,c,dMeans with different superscripts in rows are significantly 
different (P<.05). 
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TABLE 12. Parameters of glucose tolerance tests in dairy cows during 
various physiological states 
Period 
Feed restriction 
Parameter Dry 
Early 
lactation 
Ketonemic Control 
group group 
Post -
recovery SE 
Intercept 
(mg/dl) 350 367 365 340 363 5 
Rate constant 
(min~l) .01903 . 0246b .0229ab .0228ab .0236b .0009 
Half-life 
(min) 39 b 29a 33ab 3iab 30a 2 
^fb^eans with different superscripts in rows are significantly 
different (P<.05). 
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where cows were fed only alfalfa hay. Half-lives of glucose in this 
experiment (28 to 38 minutes) were similar to those previously 
determined (30 to 33 minutes) in cows (11). 
Glucagon deficiency model for the development of lactation ketosis 
The decreased basal concentration and secretion rate of glucagon in 
the ketonemic group and the similar responses of glucose, FFA, and 
insulin to glucagon injection during all periods implicate a glucagon 
deficiency in the development of lactation ketosis. The proposed model 
for the development of lactation ketosis is in Fig. 2. 
Increased milk yield via the output of lactose leads to a decrease 
in plasma glucose concentration in the early postpartum interval. This 
decrease in glucose concentration is followed by a decrease in plasma 
insulin concentration. Insulin is antilipolytic (2,5), therefore 
removal of insulin allows for a greater than normal release of FFA from 
adipose tissue. The increased concentration of FFA in plasma can cause 
two major events. The first would be a direct effect on the islets of 
Langerhans of the pancreas to inhibit glucagon secretion. FFA have been 
shown to inhibit glucagon secretion in dogs (17) and a similar effect 
may occur in high-producing dairy cows. The second would be to provide 
substrate for the production of ketone bodies in the liver. Increases 
in ketone body concentration arising from the feeding of 1,3-butanediol 
to steers have been associated with decreases in feed intake (18). A 
decrease in feed intake would lead to a decrease in available 
gluconeogenic precursors, which would lead to decreased synthesis of 
glucose. Ketone bodies also may inhibit glucagon secretion directly. 
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Figure 2. Proposed model for the development of lactation ketosis 
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but this has yet to be demonstrated in ruminants. Decreased feed intake 
caused an increase in GH and FFA concentrations in this experiment and 
previously (10). GH functions to partition nutrients from muscle and 
adipose tissue (24), and an increase in GH concentration would result in 
increased FFA concentration. The large requirement for gluconeogenesis 
in high-producing dairy cows can not be met without the presence of 
glucagon, therefore a decreased secretion of glucagon would limit 
glucose synthesis and result in lactation ketosis. 
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GENERAL DISCUSSION 
A ketonemia was produced in cows in early lactation by feed 
restriction of a complete mixed diet. Ketonemia was induced quickly 
(within 2 weeks) by the feed restriction regime and cows recovered 
completely upon refeeding to ad libitum intakes. When compared to a 
previous experiment (10), metabolites and hormones responded similarly 
to changes in physiological state and to feeding within each 
physiological state. The observed responses were indicative of the need 
for mobilization of body reserves to support the requirements of 
lactation. The relationship of energy intake to energy requirement is a 
good indicator of the magnitude of changes in metabolites and hormones. 
Glucagon concentration tended to decrease in cows in the ketonemic 
group. Glucagon secretion rate was decreased at the same time, whereas 
metabolic clearance rate was not affected. Glucagon injections were 
capable of producing increments of glucose of equal size in all periods. 
These findings, together, suggest that spontaneous ketosis in cows 
during early lactation may be the result of deficiencies in glucagon 
secretion and, therefore, glucagon concentration. 
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GENERAL SUMMARY 
The primary objective of this dissertation research was to gain a 
better understanding of the hormonal regulation of metabolism in dairy 
cows during gestation, early lactation, and ketosis. Glucagon, insulin, 
and growth hormone (GH) are the major hormones involved in regulation of 
carbohydrate, protein, and lipid metabolism. Changes in concentrations 
of these hormones, either alone or together, can shift metabolism from a 
predominantly storage situation to a predominantly mobilization 
situation. In dairy cows, these changes must occur rapidly at 
parturition to support milk synthesis, but in some instances the changes 
are not adequate and ketosis develops. 
The objective of experiment I (Section I) was to develop a protocal 
to induce a ketosis in cows during early lactation. Restricting intake 
of a complete mixed diet by up to 50 % of ad libitum intake caused a 
ketonemia characterized by increases in acetoacetate (ACAC) and 
beta-hydroxybutyrate (BHBA) concentrations and a decrease in glucose 
concentration. Metabolically, the cows were ketotic but no visual signs 
of ketosis were observed. Voluntary feed refusals were not observed, 
and upon refeeding, intake of the complete mixed diet returned to 
pre-restriction amounts. Mills (4) observed an eventual voluntary 
decrease in feed intake in cows when feeding of 1,3-butanediol, a ketone 
body precursor, was superinçosed upon restricting intake of the diet. 
Lyle (2) observed that steers given excess 1,3-butanediol would go 
off-feed. These observations suggest that ketogenic precursors in the 
diet and, subsequently, increased ketone body concentration in blood can 
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inhibit feed intake and, thereby may induce high-producing cows into a 
type of ketosis during early lactation. In the cows of this experiment, 
increases in ketone body concentrations were similar to those in steers 
(2) but less than those in cows fed 1,3-butanediol in conjunction with 
feed restriction to induce ketosis(4). High ketone body concentrations, 
therefore seem necessary to cause anorexia. 
Induction of a ketonemia was obtained more easily in experiment II 
(Section II) by shortening the interval between incremental restrictions 
in feed intake, yet this induction protocol also did not cause visual 
signs of ketosis. Blood samples were taken from each cow at 
approximately 2 weeks prepartum, 3 weeks postpartum, during a feed 
restriction-induced ketonemia, and after a 4 week recovery period. 
Concentrations of GH, ACAC, and BHBA were increased whereas those for 
insulin and glucose were decreased by feed restriction when compared to 
prepartum concentrations. Mean concentrations of these metabolites and 
hormones in the early lactation and post-recovery period were either 
intermediate to the ketosis and prepartum concentrations or similar to 
prepartum concentrations. Glucagon concentration was increased in early 
lactation but feed restriction caused glucagon concentration to decrease 
to prepartum and post-recovery levels. Free fatty acid (FFA) 
concentration was decreased only in the post-recovery period. Changes 
observed at the onset of lactation, during a ketonemia induced by feed 
restriction, and after a recovery period indicate a progressive shift in 
metabolism from steady-state conditions, to mobilization, to increased 
mobilization, and then to deposition as the cows progressed through the 
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four periods. Similar responses to feed restriction were observed 
during both experiments I and II. 
Restriction of feed intake to induce a ketonemic condition caused 
major adjustments in the hormonal status of cows in early lactation. 
Insulin decreased, Œ increased, and glucagon remained constant or 
decreased. Although the concentration of each hormone is important, the 
ratio of these hormones may be even more important. Insulin to GH ratio 
is important primarily in terms of lipid metabolism (5). An increased 
ratio stimulates lipid deposition, whereas a decreased ratio promotes 
lipolysis. Cows of both experiments I and II had decreased insulin to 
GH ratio during the ketonemia induced by feed restriction, indicating a 
shift of metabolism to increase the supply of energy substrates coming 
from adipose tissue. Insulin to GH ratio was least in the ketonemic 
period (group), greatest in the post-recovery period, and intermediate 
in the dry and early lactation periods. 
The insulin to glucagon ratio is important in the homeostatic 
control of glucose concentration in ruminants (1). In experiment I, it 
was greater and in experiment II it tended to be greater during the 
post-recovery period than during any other period. A low insulin to 
glucagon ratio indicates a sparing of glucose. Decreased insulin 
concentration mediates FFA mobilization from adipose tissue and 
increases amino acid availability. The constant or nearly constant 
glucagon concentration then can increase gluconeogenic rate. 
Analysis of hourly blood samples taken for 24 hours in experiment I 
and for 12 hours in experiment II showed that concentrations of some of 
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the metabolites and hormones were influenced by feeding. ACAC, BHBA, 
glucose, insulin, and glucagon concentrations were not affected 
consistently by feeding during any period of either experiment. The 
variations due to feeding for FFA, TAA, and Œ were consistent during 
early lactation and ketonemic periods during both experiments, but were 
more pronounced during ketonemia. FFA and TAA concentrations were 
decreased during both periods to a nadir at 2 to 6 hours after feeding 
and increased to pre-feeding concentration before the next feeding. The 
decrease in FFA and TAA concentrations suggests an increased rate of 
deposition of these nutrients into peripheral tissue or a decreased rate 
of mobilization from peripheral tissue after feeding. GH concentration 
was increased to a peak at 3 to 4 hours after feeding and returned to 
pre-feeding levels before the next feeding. The increase in GH 
concentration seems to result from removal of FFA inhibition of GH 
secretion (6). 
Injection of 250 grams of glucose into cows during the ketosis 
period in experiment I and during all periods in experiment II caused a 
rapid increase in plasma glucose concentration. Glucose concentration 
was decreased to pre-injection levels within 2 to 3 hours. The 
half-life of glucose was greater only in the dry period when compared to 
the other periods in experiment II. This greater half-life is 
characteristic of a lower requirement for glucose prepartum than 
postpartum. Glucose injection during the ketosis period in experiment I 
caused decreases in ACAC and BHBA concentrations but the decreases 
persisted for only 3 hours after injection. FFA and TAA concentrations 
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continued to decrease for 6 hours post-injection, probably because of 
the return to ad libitum feeding. Insulin and GH concentrations showed 
transient increases, whereas glucagon concentration did not show any 
significant or consistent changes after glucose injection. Glucose 
injection, therefore seems to be only a temporary treatment for ketosis 
and should be used in conjunction with other treatments to ensure 
successful long-term treatment of ketosis. 
Glucagon injections into cows during experiment II caused rapid 
increases in plasma glucagon concentration which had returned to near 
baseline values by 2 hours. Glucagon disappearance from plasma is 
described by a two-component function. Only the intercept of the first 
component was significantly greater during the dry period when compared 
to the other periods. No significant differences were observed between 
periods for the intercept of the second component, the slopes, 
distribution space, and turnover rate. Pool size of glucagon was 
greatest in the dry period and metabolic clearance rate was least in the 
control group. Secretion rate of glucagon was decreased (P<.10) in the 
ketonemic group and probably was the cause for the decreased basal 
glucagon concentration during ketonemia. 
Glucagon injection caused increases, both significant and 
non-significant, in FFA concentration, which was noticeable at 2 minutes 
and which lasted for 30 minutes. Injection of glucagon caused an 
increase in insulin concentration within 1 minute and an increase in 
glucose concentration within 2 minutes. Effects on insulin and glucose 
lasted up to 30 and 40 minutes, respectively. Insulin and glucose 
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concentrations were increased equally across periods in terras of 
magnitude of changes but peak values were different because initial 
values were different. These findings suggest that glucagon was capable 
of stimulating gluconeogenesis equally in all periods, even during feed 
restriction and ketonemia. Therefore, decreased secretion rate rather 
than impaired function of glucagon may be responsible for the decreased 
glucose concentration in ketotic cows. 
A ketonemia can be induced in high-producing cows by restricting 
feed intake during early lactation but to induce a true ketosis, adding 
a ketogenic precursor to the diet seems necessary. Further research is 
needed to improve the ketosis model described in this dissertaion such 
that it is both predictable and repeatable to ensure a constant supply 
of ketotic cows for research. 
Mills (4) showed that liver slices from ketotic cows had decreased 
gluconeogenic capacity in comparison to liver slices from normal cows. 
Conversely, glucagon injections, in the present experiment caused 
similar increments of increased plasma glucose in all cows, which 
indicates that the liver responds equally to glucagon even during 
ketonemia. Is this difference a result of differences in the severity 
of ketosis between the two studies, or does it represent a functional 
deficiency of glucagon? 
Future work may involve: 
1. Examination of feeding frequency on mean concentrations of FFA, 
TAA, and GH to determine ways to provide a constant internal 
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environment and yet provide increased GH concentration to 
improve milk production. 
2. Examination of plasma for concentrations of somatostatin to 
more fully understand the inhibitory role it has on GH, 
insulin, and glucagon secretion in ruminants. 
3. Examination of the roles of FFA and ketone bodies in the 
regulation of glucagon secretion. FFA inhibits glucagon 
secretion in non-ruminants (3) and a similar inhibition may 
occur in ruminants. 
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TABLE Al. Coefficients of correlation among metabolites and hormones 
for cows in experiment I. (Mean concentrations (n=24) of the 
24-hourly samples within period were used. Only correlations 
significant at P<.10 are included) 
Correlation 
coefficient Probability 
Acetoacetate: 
Beta-hydroxybutyrate .985 .0001 
Glucose -.798 .0001 
Insulin -.419 .0417 
Growth hormone .434 .0340 
Glucagon .352 .0916 
Insulin/growth hormone -.535 .0070 
Insulin/glucagon -.478 .0181 
Beta-hydroxybutyrate: 
Glucose -.834 .0001 
Insulin -.431 .0351 
Growth hormone .490 .0150 
Insulin/growth hormone -.565 .0040 
Insulin/glucagon -.486 .0160 
Glucose: 
Insulin .432 .0349 
Growth hormone -.370 .0755 
Insulin/growth hormone .500 .0129 
Insulin/glucagon .398 .0539 
Insulin: 
Growth hormone -.344 .1000 
Glucagon: 
Total amino acids .462 .0230 
Total amino acids; 
Insulin/glucagon -.431 .0357 
Free fatty acids: 
Insulin/glucagon -.450 .0273 
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TABLE A2. Coefficients of correlation among metabolites and hormones 
for cows in experiment II. (Mean concentrations (n=28) of 
the 13-hourly samples within each period were used. Only 
correlations significant at P<.10 are given) 
Correlation 
coefficient Probability 
Acetoacetate: 
Beta-hydroxybutyrate .928 .0001 
Growth hormone .647 .0002 
Free fatty acids .654 .0002 
Growth hormone/glucagon .615 .0005 
Beta-hydroxybutyrate: 
Glucose -.319 .0981 
Insulin -.332 .0843 
Growth hormone .564 .0018 
Free fatty acids .632 .0003 
Insulin/glucagon -.351 .0667 
Growth hormone/glucagon .557 .0021 
Glucose: 
Insulin .680 .0001 
Growth hormone -.372 .0515 
Insulin/growth hormone .557 .0021 
Insulin/glucagon .477 .0103 
Growth hormone/glucagon -.436 .0204 
Insulin: 
Free fatty acids -.442 .0185 
Growth hormone/glucagon -.359 .0608 
Growth hormone: 
Free fatty acids .619 .0005 
Insulin/glucagon -.400 .0351 
Free fatty acids: 
Insulin/growth hormone -.423 .0249 
Insulin/glucagon -.488 .0084 
Growth hormone/glucagon .544 .0028 
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Mean plasma glucagon and glucose concentrations of cows in 
the ketonemic group (n=4) before and after injection of 
bovine glucagon during the feed restriction period. (The 
first injection was given at 7:30 pm and the second injection 
was given at 10:00 am the next morning) 
First injection 
Glucagon Glucose 
(pg/ml) (mg/dl) 
91 52.7 
85 51.3 
83 50.4 
20486 50.6 
13138 59.4 
10011 69.7 
8173 75.8 
6512 81.6 
4035 88.3 
2648 89.1 
1841 82.2 
1160 77.4 
1090 73.5 
697 63.9 
559 57.1 
508 52.4 
450 53.9 
380 53.4 
348 52.7 
281 55.3 
Second injection 
Glucagon Glucose 
(pg/ml) (mg/dl) 
157 48.9 
145 48.2 
142 47.8 
25715 49.8 
13615 55.5 
9553 62.4 
8307 67.4 
6914 74.5 
4495 81.1 
2893 82.9 
2131 78.6 
1632 73.6 
1304 69.0 
897 61.5 
661 55.6 
509 51.6 
483 49.7 
463 46.3 
414 46.3 
336 48.2 
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Mean plasma glucagon and glucose concentrations of cows in 
the control group (n=3) before and after injection of bovine 
glucagon during the feed restriction period. (The first 
injection was given at 7:30 pro and the second injection was 
given at 10:00 am the next morning) 
First injection Second injection 
Glucagon Glucose Glucagon Glucose 
(pg/ml) (ntg/dl) (pg/ml) (mg/dl) 
106 
115 
103 
57.2 
57.0 
58.1 
57.6 
67.9 
72.0 
86.3 
95.0 
104.7 
107.7 
99.2 
91.8 
84.1 
75.4 
68.0 
62.7 
59.5 
58.1 
59.4 
59.2 
183 
172 
151 
5.4 
55.8 
57.5 
55.8 
64.6 
71.7 
77.4 
85.4 
95.5 
98.2 
92.3 
88.0  
82.4 
72.0 
63.2 
59.3 
56.6 
58.6 
57.6 
57.7 
22975 
13605 
10279 
18640 
12949 
9577 
7731 
6379 
4420 
2753 
2158 
1307 
1209 
812 
745 
562 
544 
456 
383 
369 
9777 
7009 
5032 
3320 
1717 
1647 
1368 
884 
805 
698 
562 
442 
408 
352 
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TABLE AS. Least squares means from covariance analysis (time = 0 was 
covariate) for glucose concentration in dairy cows during 
various physiological states after glucagon injection 
Period 
Time after Feed Restriction 
injection Early Ketonemic Control Post-
(min) Dry lactation group group recovery SE 
— (mg/dl) 
-20 62.4 63.9 61.2 59.9 59.9 .8 
-10 63.2 61.6 59.9 59.8 62.0 .7 
0 62.3 62.3 59.0 60.8 62.2 .1 
1 62.7 61.5 59.1 60.3 62.0 .6 
2 71.83 72.73 68.03 70.6 70.03 1.0 
3 80.63 80.93 78.33 75.83 78.13 .9 
4 87.63 87.73 84.43 89.03 87.13 1.7 
6 93.83 96.93 90.23 97.83 96.43 1.9 
10 100.93 107.03 96.93 107.43 102.83 2.5 
15 96.63 105.93 97.73 110.43 104.13 2.7 
20 90.33 98.43 90.83 102.03 97.33 2.5 
25 86.03 89.93 85.93 94.53 91.13 2.2 
30 80.23 81.93 82.13 86.83 84.33 1.7 
40 70.63 69.0 72.53 78.23 72.83 1.4 
50 65.4 58.2 65.73 70.7 64.2 1.5 
60 63.OC 55.4b 61. OC 65.5c 58.7bc 1.3 
75 Gl.obc 55.7b 62.5c 62.2C 58.lbc 1.0 
90 61.2 58.6 62.0 60.8 60.2 1.0 
105 61.2 62.2 61.3 62.1 62.6 .9 
120 60.6 64.9 63.9 61.9 63.6 1.1 
%eans in columns with superscript are different from time = 0 
means (P.05). 
b,cleans with different superscripts in rows are significantly 
different (P<.05). 
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TABLE A6. Least squares means from covariance analysis (time = 0 was 
covariate) for free fatty acid concentration in dairy cows 
during various physiological states after glucagon injection 
Period 
Time after Feed restriction 
injection Early Ketonemic Control Post-
(min) Dry lactation group group recovery SE 
— (mmol/liter) —— 
-10 .148 .131 .154 .131 .144 .006 
0 .126 .126 .122 .122 .113 .006 
2 .202C .192bc .197bc .14lbc .138b .011 
6 .179bc .240ac .192bc .144b .128b .012 
10 .192 .2443 .207 .181 .161 .016 
15 .202 .240 .193 .2633 .170 .016 
20 .167 .2053 .187 .2283 .164 .013 
30 .2083 .247a .125 .161 .247a .023 
60 .078b .177c .156C .lisbc .09lb .013 
90 .108b .lesbc .247^0 .122bc • lllb .017 
120 .152b .26iac .332ac .148bc .165bc .023 
%eans in columns with superscript are different from time = 0 
means (P<.05). 
b^Means with different superscripts in rows are significantly 
different (P<.05). 
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TABLE A7. Least squares means from covariance analysis (time = 0 was 
covariate) for insulin concentration in dairy cows during 
various physiological states after glucagon injection 
Period 
Time after Feed restriction 
jection Early Ketonemic Control Post-
(min) Dry lactation group group recovery SE 
-20 .64b 1.02c 
— (ng/ml) -
.60b 1
 1 1 
1
 
.07 
-10 .6lb 1.03c .56b .56bc .5bc .08 
0 .64 .96 .55 .63 .71 .08 
1 1.46abc 2.07ac .90b 1.37bc l.SQbc .17 
2 1.32abc 2.24ac 1.07b 1.56be 1.68bc .18 
3 1.45ab 2.6830 l.llb 1.24bc 1.83bc .19 
4 1.9iab 3.13ac 1.46b 2.05b 2.43abc .18 
6 3.2iabc 4.47abc 2. nab 2.90abc 3.76abc .27 
10 3.33ab 5.32ac 2.57abc 3.48abc 4.43abc .34 
15 3.04ab 5.30ac 2.79abc 3.0iabc 4.38abc .39 
20 2.47a 4.623 2.06a 2.59a 3.92a .39 
25 1.78ab 3.7iac 1.53abc 2.02bc 3.23abc .34 
30 1.44a 2.69a 1.27 1.71 2.41 .26 
40 .95 1.67 .85 1.37 1.49 .15 
50 .69 .98 .66 .94 1.00 .12 
60 .54bc .72C .55bc .69bc .46b .07 
75 .53 .53 .55 .62 .27 .07 
90 .46 .61 .51 .40 .39 .07 
105 .44 .64 .47 .35 .32 .07 
120 .41 .66 .52 .43 .29 .07 
%eans in columns with superscript are different from time = 0 
means (P<.05). 
b,cleans with different superscripts in rows are significantly 
different (P<.05). 
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Figure Al. Diurnal variations of plasma acetoacetate in cows of 
experiment I (Section I) during the dry period (• 0), 
the early lactation period (•'•••#), a feed restriction 
induced ketonemia (Jt—A)» and after a recovery period 
(•—•). (Open symbols represent a significant 
difference (P<.05) from the 8 am sample. Arrows 
indicate time of feeding.) 
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Figure A2. Diurnal variations of plasma beta-hydroxybutyrate in 
cows of experiment I (Section I) during the dry period 
(•——#), the early lactation period (#••••#)» a feed 
restriction induced ketonemia , and after a 
recovery period (Bi—•). (Open symbols represent a 
significant difference (P<.05) from the 8 am sample. 
Arrows indicate time of feeding.) 
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Figure A3. Diurnal variations of plasma glucose in cows of 
experiment I (Section I) during the dry period (• #), 
the early lactation period (#••••#), a feed restriction 
induced ketonemia (A:"'A)f and after a recovery period 
(•—•). (Open symbols represent a significant 
difference fran the 8 am sample. Arrows indicate time 
of feeding.) 
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Figure A4. Diurnal variations of plasma insulin in cows of 
experiment I (Section I) during the dry period (# 9)r 
the early lactation period (#••••#), a feed restriction 
induced ketonemia (A—A)r and after a recovery period 
(•—•). (Open symbols represent a significant 
difference (P<.05) frcan the 8 am sample. Arrows 
indicate time of feeding.) 
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Figure A5. Feeding variations of plasma acetoacetate in cows of 
experiment II (Section II) during the dry period 
(# #), the early lactation period (# #), a feed 
restriction period; ketonemic group (A--^)/ control 
group (•""•) , and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure A6. Feeding variations of plasma beta-hydroxybutyrate in 
cows of experiment II (Section II) during the dry period 
(# #), the early lactation period (#••••#), a feed 
restriction period; ketonemic group , control 
group and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure A7. Feeding variations of plasma glucose in cows of 
experiment II {Section II) during the dry period 
(# #), the early lactation period (#•*••#)/ a feed 
restriction period; ketonemic group (Â—A) » control 
group and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
frcan the 8 am sample. Arrows indicate time of feeding.) 
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Figure A8. Feeding variations of plasma free fatty acids in cows of 
experiment II (Section II) during the dry period 
(# #), the early lactation period (#••••#) f a feed 
restriction period; ketonemic group (À- -tlk) t control 
group (^—^), and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure A9. Feeding variations of plasma total amino acids in cows 
of experiment II (Section II) during the dry period 
(•—#), the early lactation period (#••••#), a feed 
restriction period; ketonemic group (À~"A)/ control 
group (^.^), and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure AlO. Feeding variations of plasma insulin in cows of 
experiment II (Section II) during the dry period 
(•: #), the early lactation period (#--#), a feed 
restriction period; ketonemic group (Jr--A)» control 
group (^-^), and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure All. Feeding variations of plasma growth hormone in cows of 
experiment II (Section II) during the dry period 
C 9), the early lactation period (#••••#), a feed 
restriction period; ketonemic group (À-"A)' control 
group (^-•^), and after a recovery period (•—•). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
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Figure A12. Feeding variations of plasma glucagon in cows of 
experiment II (Section II) during the dry period 
C #), the early lactation period (#••••#)/ a feed 
restriction period; ketonemic group (^ -A) » control 
group (^—^), and after a recovery period (•—B). 
(Open symbols represent a significant difference (P<.05) 
from the 8 am sample. Arrows indicate time of feeding.) 
